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Abstract 
 Intramolecular cycloadditions of cyclobutadiene provide rapid access to rigid 
polycyclic systems with high strain energies and unique molecular geometries. Further 
functionalization of these systems followed by strain-release fragmentation provides 
great opportunities to construct fused-medium-ring architecture, which are very common 
in natural products but challenging to achieve efficiently. 
 An intermolecular cyclopropanation/acid-mediated rearrangement strategy has 
been previously developed to access the 5-7 bicyclic ring systems in a highly 
stereospecific manner. The application of this strategy is being studied for the synthesis 
of a biologically interesting guaiane natural product: torilin.  
 In a complementary fashion, an intramolecular cyclopropanation/thermal 
rearrangement sequence is developed to access two different molecular frameworks of 5-
7-5 tricyclic ring systems. A library of functionalized 5-7-5 tricyclic ring systems can be 
systematically built up from the same starting material for potential future use in high-
throughput screening. 
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Chapter 1 
Synthetic Approaches toward the Total Synthesis 
of Guaiane Natural Products 
 
Introduction 
“The sesquiterpenes field is an excellent area for the testing and refining of 
new synthetic methods and concepts.” 
                                --by Clayton Heathcock1 
 Sesquiterpenes consisting of three isoprene units represent 
the largest class of terpenes. Guaiane natural products are a class of 
sesquiterpenes distinguished by the bicyclo[5.3.0]decane skeleton. 
Since their isolation, a number of guaiane class sesquiterpenes have 
been found possessing a broad range of interesting biological activities, such as anti-
cancer activity, anti-inflammatory activity, and anti-microbial activity. Because of their 
wide diversity of stereochemistry, molecular complexity, and levels of oxidation, guaiane 
natural products offer a truly remarkable variety of challenging structural goals to 
synthetic chemists. Over the years, numerous attempts have been made to discover and 
develop new ring-forming reactions in the syntheses of the unique guaiane skeleton.2 
Herein, a few representative examples of successful total syntheses will be described. 
 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 The total synthesis of natural products, 1973, Volume 2, page 199. Heathcock, C. H. 
2 Foley, D. A.; Maguire, A. R. Tetrahedron 2010, 66, 1131. 
guaiane skeleton

!
Biosynthesis and Nature-inspired Synthesis 
 In nature, guaiane sesquiterpenes are generated from farnesyl pyrophosphate.3As 
illustrated in Scheme 1.1, a cationic cyclization converts farnesyl pyrophosphate into a 
10-membered ring bearing a tertiary carbocation 1.1. Subsequent transformations quench 
the cation and install diverse functionalities through different enzymatic processes. For 
example, elimination can take place to afford germacrene 1.2. Sutherland and coworkers4 
have shown that epoxide 1.3, generated through the epoxidation of 1.2, can undergo 
annulation in a highly stereoselective manner to afford diol 1.4 under acidic condition. 
Subsequent elimination of water from 1.4 delivered diene 1.5. 
Scheme 1.1. Guaiane Biosynthesis.!
 
 Inspired by nature, biomimetic cyclization has been shown as a highly efficient 
way to construct guaiane skeleton. In 2011, Maier and coworkers have successfully 
applied a transannular epoxide opening to construct the 5,7-fused ring skeleton (Scheme 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
3 Parker, W.; Roberts, J. S.; Ramage, R. Quart. Rev. 1967, 21, 331. 
4 Brown, E. D.; Sutherland, J. K. Chem. Comm. 1968, 1060.!
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1.2).5 Starting from commercially available (-)-isopulegol, oxidation, Grignard addition, 
oxy-Cope rearrangement followed by epoxidation provided keto epoxide 1.7, which was 
later subjected to a regioselective enolate formation by NaH. Simultaneously, an 
intramolecular epoxide opening of the resulting enolate 1.8 was triggered and afforded 
hydroxyketone 1.9 in equilibrium with its cyclic hemiketal 1.10 in a 30:70 ratio. The 5-7 
bicyclic cis-fused configuration was conformed by NOE experiments. Further 
functionalization was carried out to deliver the diol 1.11 in another 5 steps. Transannular 
ether formation with mercury (II) trifluoroacetate followed by reduction of the resulting 
C-Hg bond afforded oxygen-bridged compound 1.12 in 95% yield, which was then 
converted to the final target in another 3 steps. 
Scheme 1.2. Biomimetic Cyclization to Construct Guaiane Skeleton!
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
5 Ushakov, D. B.; Navickas, V.; Strobele, M.; Maichle-Mossmer, C.; Sasse, F.; Maier, M. E. Org. Lett. 
2011, 13, 2090. 
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Synthetic Efforts toward Guaiane Natural Products 
a) Rearrangement of Bicyclic Precursor: 
 Based on the fact that more success has been realized in stereoselective syntheses 
in decalin area than in the hydrozaulene area, the construction of such difficult skeletons 
could possibly be accomplished by the rearrangement of a bicyclic precursor possessing a 
skeleton that is more amenable to stereoselective synthesis.  
 In 2006, the Massanet group reported a photochemical rearrangement of γ,δ-
unsaturated ketone eudesmane into the corresponding guaiane product in their synthetic 
studies toward the total synthesis of thapsigargin.6 As shown in Scheme 1.3, the synthesis 
commenced with a one-pot Robinson annulation/γ-hydroxylation followed by a DDQ-
mediated dehydrogenation to afford the dienone 1.15 with a decalin core structure in 
good yields. Preliminary results indicated that the C-6 position functional group was 
intolerant to the subsequent photochemical rearrangement. Exposure of compound 1.15 
to Burgess reagent produced highly conjugated compound 1.16 in quantitative yield. 
Then a Sharpless asymmetric dihydroxylation set the stage ready for the key 
rearrangement. Under UV irradiation, compound 1.20 with the desired 
bicyclo[5.3.0]decane skeleton was yielded in a high yield as the single diastereomer. The 
observed stereochemistry is believed to be controlled completely by the methyl group in 
the ring junction. Another two steps delivered dihydroxyguaianolide, which is an 
important intermediate in the synthesis to thapsigargin. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
6 Manzano, F. L.; Guerra, F. M.; Moreno-Dorado, F. J.; Jorge, Z. D.; Massanet, G. M. Org. Lett. 2006, 8, 
2879. 

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Scheme 1.3. Photochemical Rearrangement in the Construction of Guaiane Skeleton 
 
 A similar example of a bicyclic ring precursor rearrangement was reported by 
Prof. Marshall and his coworker in 1968.7 In the first stereoselective total synthesis of 
bulnesol, a key transformation was carefully designed through a solvolysis-triggered 
rearrangement of a bicyclo[4.3.1]decane derivative to the corresponding hydrozaulene. 
As shown in Scheme 1.4, this 21-step synthesis started from cyclohexanone 1.21 that was 
converted to compound 1.22 through a 4-step functional group transformation. Ring 
enlargement with ethyl diazo acetate (EDA) in the presence of BF3!Et2O successfully set 
up the desired 7-memebered ring skeleton from a readily available 6-memebered ring. 
Then, Michael addition with methyl vinyl ketone afforded compound 1.23, which 
underwent an intramolecular aldol condensation to give bicyclo[4.3.1]decane compound 
1.24. Another 7 steps delivered compound 1.25 for the key rearrangement. The secondary !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7!Marshall, J. A.; Partridge, J. J. J. Am. Chem. Soc. 1968, 90, 1090.!
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alcohol was first activated by MsCl and then eliminated in the presence of acetic acid to 
generate carbocation 1.27. Subsequent 1,2-alkyl migration formed a more stable tertiary 
carbocation and built up the desired 5,7-bicyclic carbon skeleton. Elimination and five 
more transformations accomplished the stereoselective total synthesis of bulnesol. 
Scheme 1.4. Ring Rearrangement in the Total Synthesis of Bulnesol!
 
b) Strain-released Fragmentation: 
 Examples discussed briefly above demonstrate the great power of rearrangement 
strategy to efficiently access certain ring configurations, otherwise difficult to achieve. In 
a similar fashion, strain-release fragmentation offers synthetic chemists another great 
opportunity to build up molecular complexity quickly in total synthesis.  
 In 1980, as an efficient entry into 5-7 bicyclic ring systems, Oppolzer and 
coworkers developed an intramolecular [2+2] photoaddition/Grob fragmentation 
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strategy.8 As illustrated in Scheme 1.5, to prepare the photoaddition precursor, they began 
by elaborating bromide 1.30 into key compound 1.31 by a 5-step procedure. Irradiation of 
1.31 provided the desired cyclobutane 1.32 as a mixture of two diastereomers. 
Subsequent methylation and saponification selectively yielded the diol 1.33. Treatment of 
1.33 with MsCl led to a ring-opening product 1.35 upon loss of MsOH in the Grob 
fragmentation. The final conversion into β-bulnesene and its epimer required a simple 
Wittig olefination. 
Scheme 1.5. Total Synthesis of β-Bulnesene and 1-epi- β-Bulnesene through 
Intramolecular Photoaddition and Grob Fragmentation!
 
 The Lange group reported the first total synthesis of guaiane natural product 
alismol using a free radical fragmentation/elimination sequence.9 As shown in Scheme 
1.6, their work started with a [2+2] photocycloaddition between excess ketal 1.36 and 
enone 1.37 to give the head-to-head cis-anti-cis adduct 1.38. The preparation of the 
important intermediate 1.39 was achieved in another four steps. Treatment of iodide 1.39 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
8 Oppolzer, W.; Wylie, R. D. Helv. Chim. Acta 1980, 63, 1198. 
9 a) Lange, G.; Gottardo, C. Tetrahedron Lett. 1994, 35, 8513. b) Lange, G.; Gottardo, C.; Merica, A. J. 
Org. Chem. 1999, 64, 6738. 
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with Bu3SnH under standard radical conditions triggered a tandem radical 
rearrangement/elimination and gave the desired diene 1.42 in excellent yield. To 
complete the molecule, acidic ketal hydrolysis/simultaneous epimerization, followed by 
methylation formed alismol in only eight steps. 
Scheme 1.6. Radical-mediated Fragmentation in the Construction of Guaiane Skeleton!
 
 Another case will be highlighted in the following is reported by our group. An 
intramolecular cycloaddition of cyclobutadiene followed by cyclopropanation and 
thermal fragmentation sequence was employed as an effective approach for the 
stereospecific preparation of bicyclo[5.3.0]decane ring systems.10 As shown in Scheme 
1.7, preparation of an enantiomerically enriched cyclobutene 1.47 is described. Easily !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
10 Williams, M. J.; Deak, H. L.; Snapper, M. L. J. Am. Chem. Soc. 2007, 129, 486. 
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accessed cyclobutadiene iron tricarbonyl complex 1.43 can be converted to 1.44 through 
sequential reduction, oxidation and alkylation. Due to the poor conversion and low 
enantioselectivity in all attempts to asymmetric alkylation, enantiomerically enriched 
compound 1.45 was synthesized through the oxidation of 1.44, followed by a Corey-
Bakshi-Shibata reduction, in 96% yield and 92% ee. The terminal alkene was further 
functionalized by a Hoveyda-Grubbs catalyst second generation (HG II)-catalyzed cross 
metathesis reaction with methyl acrylate. Then, the stereogenic center of the secondary 
hydroxyl group controlled the diastereoselectivity of the intramolecular cycloaddition to 
deliver the desired cyclobutene 1.47 as the major product. 
Scheme 1.7. Asymmetric Preparation of Cyclobutene 1.47!
 
 As continued in Scheme 1.8, further functionalization was carried out to prepare 
cyclobutene 1.48 for cyclopropanation. The highly compact and rigid nature of the 
cyclobutene 1.48 allowed for a stereocontrolled cyclopropanation to deliver highly 
strained cyclopropyl intermediate 1.49 as a single diastereomer, which was then 
subjected to a tandem oxidation/alkylation sequence to give compound 1.50. Thermal 
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synthesis, the desired seven-membered ring configuration was successfully set up by 
hydrogenation. Deprotection and elimination then provided pleocarpenene in another 
three steps, which could be then converted to pleocarpenone by simple ozonolysis and 
epimerization. 
Scheme 1.8. Completion of Total Synthesis!
!
 Upon completion of more targets, Dr. Leyhane11 in our group has shown that this 
cyclopropanation-thermal fragmentation strategy can serve as a common platform for the 
synthesis of guaiane natural products. Various functionalities and stereochemistries can 
be achieved to access many interesting targets. The revised synthetic plan to achieve the 
total syntheses of pleocarpenene, pleocarpenone, bulnesol, hanamyol and 11-
hydroxypogostol from a common precursor will be described in detail in Chapter 2.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
11 Cyclobutadiene Cycloadditions: Applications toward the Synthesis of Functionalized Oxepines and 
Guaiane Natural Products. Leyhane A. J. Ph. D. dissertation, Department of Chemistry, Boston College, 
2008. 
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Scheme 1.9. Accomplished Guaiane Natural Products!
!
c) Sequential Ring Formation: 
 In more straightforward sense, development of sequential ring-forming strategy 
can also be very important in pursuit of efficiency, selectivity and flexibility. For 
example, in 1986 the Nicholas group took the advantage of a commercially available 7-
memebred ring starting material and developed a cobalt-mediated cyclopentenone 
annulation strategy to generate the guaiane sesquiterpenes skeleton.12 As shown in 
Scheme 1.10, vinyl silyl ether 1.54 was generated from cycloheptadienone in five steps. 
A cobalt-mediated propargylation (Nicholas reaction) installed the side chain, followed 
by a simple oxidative demetalation to afford compound 1.56 in good yield. Subsequent 
regiospecific hydration and base-catalyzed cyclization delivered bicyclic 5,7-ring 
compound 1.58 as a single diastereomer.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
12 Saha, M.; Muchmore, S.; Van Der Helm, D.; Nicholas, K. M. J. Org. Chem. 1986, 51, 1960. 
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Scheme 1.10. Cobalt-mediated Cyclopentenone Annulation!
!
 Another example of a successful journey to the guaiane skeleton that began from 
7-membered ring starting material is described as follows: In 2003, Depres and 
coworkers demonstrated the synthetic utility of dichloroketene cycloaddition/diazoalkane 
ring expansion methodology in the total synthesis of a few guaiane natural products.13 As 
illustrated in Scheme 1.11, preparation of 8-desangeloyloxytorilin started from a 
commercially available tropylium tetrafluoroborate 1.59. [2+2] Cycloaddition between 
readily prepared methylcycloheptatriene 1.60 and dichloroketene was developed earlier 
in their group to yield regio- and stereoselectively α,α-dichlorocyclobutanone 1.61. A 
subsequent regioselective ring expansion with diazomethane followed by 
dehydrochlorination efficiently afforded trienone 1.62 in 44% yield over three steps with 
the 5-7 bicyclic ring skeleton and correct stereochemistry on C1 and C2 position. 
Conjugate addition with isopropenylmagnesium bromide installed the C5 substituent 
selectively. Ketal protection, followed by halogen-metal exchange, methylation and 
deprotection afforded compound 1.65. Subsequent regioselective oxymercuration of the 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
13 Coquerel, Y.; Greene, A. E.; Depres, J.-P. Org. Lett. 2003, 5, 4453. 
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exocyclic double bond, selective hydrogenation of the non-conjugated double bond and 
acylation generated 8-desangeloyloxytorilin. 
Scheme 1.11. Depres’s Synthesis of 8-Desangeloyloxytorilin 
 
 Compared to five-membered rings, the construction of historically difficult-to-
access seven-membered rings is more challenging. Therefore, great attention has been 
given to develop concise and stereoselective strategies in this area.  In 2002, Ovaska 
group demonstrated a MeLi-mediated tandem 5-exo-dig cyclization/Claisen 
rearrangement sequence in a highly efficient synthesis of (±)-7-epi-β-bulnesene.14 As 
shown in Scheme 1.12, the alkynol 1.68 was easily converted from commercially 
available cyclopentenone 1.67 in three steps. After the stage was set for the key !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
14 Kumar, J. S. R.; O’Sullivan, M. F.; Reisman, S. E.; Hulford, C. A.; Ovaska, T. V. Tetrahedron Lett. 
2002, 43, 1939. 
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transformation, alkynol 1.68 was heated in the presence of catalytic amount MeLi to 
smoothly provide the desired bicyclic ketone 1.71 in a highly stereoselective manner. 
Then a Wittig olefination completed this 5-step synthesis. 
Scheme 1.12. MeLi-mediated Tandem 5-exo-dig Cyclization/Claisen Rearrangement in 
the Total Synthesis of (±)-7-epi-β-Bulnesene!
 
 In 2003, a short racemic synthesis of pogostol was reported by Booker-Milburn 
group. 15  As shown in Scheme 1.13, a Fe(III)-mediated tandem radical ring-
expansion/cyclization of cyclopropyl silyl ether 1.73 was highlighted as the key 
transformation. This strategy allowed rapid construction of the desired 5-7 bicyclic ring 
system with high diastereoselectivity. Ketone 1.75 was formed in 57% yield as a single 
diastereomer. Subsequent Wittig olefination, hydroboration, PCC oxidation and Tebbe 
methylenation completed this 6-step synthesis and yielded a partially separable 2.5:1 
mixture of the reported structure for pogostol and its epimer in good overall yield. 
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15 Booker-Milburn, K. I.; Jenkins, H.; Charmant, J. P. H.; Mohr, P. Org. Lett. 2003, 5, 3309. 
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Scheme 1.13. Fe(III)-Mediated Radical Ring Expansion/Cyclization in the Total 
Synthesis of Pogostol and epi-Pogostol.!
!
 Ring-closing-metathesis (RCM) is a powerful reaction for medium-ring formation. 
In 2009, the Vanderwal group reported the first total synthesis of teucladiol through a 
ring-closing metathesis of allylsilanes/electrophilic desilylation sequence, which has been 
demonstrated as an effective strategy for the preparation of exo-
methylidenecycloalkanes.16 As illustrated in Scheme 1.14, conjugate addition of the 
cyanocuprate derived from bromide 1.78 to cyclopentenone generated enolate 
intermediate 1.79, which was trapped with aldehyde 1.80 to afford 1.81 in 60% yield in a 
stereoselective manner. It’s believed that this unique stereochemical consequence is 
consistent with trans-selective tandem vicinal difunctionalization of enone and anti-
selective aldol reaction of the E-enolate via 6-membered ring transition state in a normal 
Felkin-Anh model. Silylation and ring-closing metathesis delivered the desired seven-
membered ring skeleton in compound 1.82. Then methylcerium addition followed by 
acid-mediated allylsilane protodesilylation/silyl ether cleavage afforded teucladiol.  !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
16 Dowling, M. S.; Vanderwal, C. D. J. Am. Chem. Soc. 2009, 131, 15090. 
O
Me OH
2 steps
Me OH
TMSO
Fe(NO3)3
O
Me OH
H Me
O
Me OH
Fe(NO3)3
Ph3P CHCH3
Me OH
H Me
Me
79%, 1:1 E/Z
BH3•THF;
PCC
68%
Me OH
H Me
Me OTebbe's
reagent
quant.
Me OH
H Me
Me
+
Me OH
H Me
Me
2.5:1pogostol epi-pogostol
57%
1.72 1.73 1.74 1.75
1.761.77

!
Scheme 1.14. Vanderwal’s Synthesis of Teucladiol!
 
d) Bicyclization of Acyclic Precursors:  
 In pursuit of more ideal ring-formation strategies, simultaneous bicyclization of 
highly functionalized acyclic precursors have been also investigated extensively. Usually, 
transition-metal catalyzed cyclization reactions play a significant role in this area. Very 
recently, Mukai group accomplished the first total synthesis of (+)-indicanone based on 
the rhodium(I)-catalyzed Pauson-Khand-type reaction of allenyne derivative. 17 As shown 
in Scheme 1.15, the vinyl phosphate 1.83, derived from (+)-limonene,18 was converted 
into the propargyl carbonate 1.84 in six steps. Upon exposure to the Tsuji’s conditions, 
1.84 underwent migration to provide the desired allenyl ester 1.85 with the required all 
carbon units of (+)-indicanone in 71% yield. Two more simple functional group 
transformations set the stage for the key step. Treatment of 1.86 with 5 mol% 
[RhCl(CO)dppp]2 in refluxing toluene under 1 atm CO atmosphere followed by in-situ 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
17 Hayashi, Y.; Ogawa, K.; Inagaki, F.; Mukai, C. Org. Biomol. Chem. 2012, 10, 4747. 
18 Baudouy, R.; Prince, P. Tetrahedron 1989, 45, 2067.!
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TBS ether cleavage efficiently afforded bicyclic ketone (+)-indicanone in 95% overall 
yield. 
Scheme 1.15. Rhodium(I)-catalyzed Pauson-Khand-type Reaction in the First Total 
Synthesis of (+)-Indicanone 
 
Battle of Englerin A 
 In early 2009, Beutler and coworkers disclosed two new guaiane sesquiterpenes, 
englerin A and B from an extract of stem bark from phyllanthus engleri, a plant 
indigenous to east Africa (Scheme 1.16).19 Biological evaluation revealed that englerin A 
shows 1000-fold selectivity against six of eight renal cancer cell lines with GI50 value 
ranging from 1-87 nM. Interestingly, the activity and excellent selectivity displayed by 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
19 Ratnayake, R.; Covell, D.; Ransom, T.; Gustafson, K. R.; Beutler, J. A. Org. Lett. 2009, 11, 57. 
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englerin A is highly dependent on its substitution at the C9 position. Englerin B, which 
was isolated from the same species but lacking the glycolate ester at C9 position, was 
much less active and selective. Elucidation of structure-activity relationship would be 
helpful for explaining this inherent difference and guiding analogue design for further 
development of drug candidates. Due to its promising biological activity and challenging 
structure, englerin A has become an intriguing target for synthetic chemists. Since its 
isolation from 2009, 5 research groups have already reported the total synthesis of 
englerin A.20 The following discussion will be focused on these syntheses. 
Scheme 1.16. Structure of Englerins A and B 
!  
 The first total synthesis of englerin A was accomplished in fifteen steps by Prof. 
Christmann and coworkers in late 2009.21 As shown in Scheme 1.17, in this work, the 
Christmann group began with subjection of cis,trans-nepetalactone 1.90 into a 
stereoselective epoxidation/ring-contraction sequence to generate bicyclic aldehyde 1.91. 
Subsequent Barbier type alkylation proceeded smoothly to give homoallylic alcohol 1.92. 
The other RCM partner was introduced through five more steps to form diene 1.93, 
which was cyclized in the presence of Grubbs catalyst second generation to deliver a 
trans-fused 5-7 bicyclic ring skeleton in 1.94. After deprotection, esterification and !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
20 Chain, W. J. Synlett 2011, 18, 2605. 
21 Willot, M.; Radtke, L.; Konning, D.; Frohlich, R.; Gessner, V. H.; Strohmann, C.; Christmann, M. 
Angew. Chem. Int. Ed. 2009, 48, 9105. 
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epoxidation, a transannular epoxide opening to afford 1.96 in quantitative yield was 
achieved upon simple heat activation. Completion of the natural product was 
straightforward; esterification and TBS-deprotection afforded (+)-englerin A in total 15 
steps. 
Scheme 1.17. Ring-Closure-Metathesis in the Total Synthesis of (+)-Englerin A!
!
 Shortly after the first total synthesis of (+)-englerin A, four other groups also 
reported their own syntheses of this interesting molecule. At the same time, the Ma22 and 
Echavarren 23  groups reported enantioselective total synthesis of (-)-englerin A 
individually, both through the use of a stereospecific gold(I)-catalyzed cyclization of 
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22 Zhou, Q.; Chen, X.; Ma, D. Angew. Chem. Int. Ed. 2010, 49, 3513. 
23 Molawi, K.; Delpont, N.; Echavarren, A. M. Angew. Chem. Int. Ed. 2010, 49, 3517. 
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functionalized enyne. This methodology was developed earlier in Echavarren group24. As 
illustrated in Scheme 1.18, the core structure of englerin A was built up efficiently in a 
single operation from similar linear precursors. Upon activation of alkyne by 
coordinating to Au(I) catalyst, a 5-exo-dig 1,6-enyne cyclization provided gold carbenoid 
species 1.101. The carbonyl oxygen then acted as a nucleophile to attack the cyclopropyl 
ring, resulting the ring-opening product 1.103. Then the generated oxonium ion was 
attacked by the gold-alkene species to close the seven-membered ring. Presumably, the 
asymmetric induction should result from the sterogenic center at C10 of acyclic precursor 
1.99. From the cyclized product 1.104, Ma and Echavarren groups completed the 
synthesis of (-)-englerin A in another ten and nin steps, respectively. Notably, no 
protection group was involved during Ma’s approach. 
Scheme 1.18. Gold-catalyzed Cyclization of Enyne in the Total Synthesis of Englerin A!
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24 a) Jimenez-Nunez, E.; Claverie, C. K.; Nieto-Oberhuber, C.; Echavarren, A. M. Angew. Chem. Int. Ed. 
2006, 45, 5452. b) Jimenez-Nunez, E.; Echavarren, A. M. Chem. Commun. 2009, 45, 7327.!
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 Nicolaou and Chen25 took the advantage of [5+2] cycloaddition to prepare the 
highly functionalized seven-membered ring with oxo-bridge, and then constructed the 
five-membered ring through aldol condensation in the subsequent steps. As shown in 
Scheme 1.19, their work commenced from readily available propargylic alcohol 1.105, 
which was converted smoothly to hydroxyl enyne 1.106 in three steps. A gold-catalyzed 
ring closure then generated furan system 1.107 in good yield. Subsequent formylation 
and alkylation delivered intermediate 1.108 for Achmatowicz rearrangement upon 
exposure to m-CPBA to afford ring-expanded lactol 1.109. Treatment with MsCl 
generated reactive oxopyrilium ion 1.110, which underwent a [5+2] cycloaddition with 
ethyl acrylate to give a fused 5-6 bicycle bearing most of functionalities present in the 
natural product.  Conversion of benzyl-protected alcohol 1.111 to methyl ketone 1.112 
was achieved in another 4 steps, setting the stage for an aldol condensation to establish 
the 5-membered ring. Completion of the final target required another 9 steps, most of 
which were straightforward functional group transformations. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
25 Nicolaou, K. C.; Kang, Q.; Ng, S. Y.; Chen, D. Y. –K. J. Am. Chem. Soc. 2010, 132, 8219. 
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Scheme 1.19. [5+2] Cycloaddition in the Total Synthesis of Englerin A!
 
 In a similar fashion, an enantioselective formal synthesis of (-)-englerin A was 
reported by Theodorakis group in 2010.26 As illustrated in Scheme 1.20, they constructed 
the 5-6 bicycle through a Rh-catalyzed regio- and diastereoselective [4+3] cycloaddition 
between furan 1.115 and chiral diazo ester 1.114, which was first reported by the Davies 
group back to 1996.27 Removal of the chiral auxiliary generated the enone intermediate 
1.117. In a strategy similar to the Nicolaou/Chen approach, an intramolecular aldol 
condensation was applied to compound 1.118 to install the 5-membered ring. Eight more 
steps delivered the reported intermediate 1.120, which can be converted to (-)-englerin A 
through Ma’s approach. 
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26 Xu, J.; Caro-Diaz, E. J. E.; Theodorakis, E. A. Org. Lett. 2010, 12, 3708. 
27 Davies, H. M. L.; Ahmed, G.; Churchill, M. R. J. Am. Chem. Soc. 1996, 118, 10774. 
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Scheme 1.20. Rh-catalyzed [4+3] Cycloaddition in the Formal Synthesis of Englerin A 
 
 Very recently, Chain and coworkers showcase exciting new application of SmI2 in 
the synthesis of englerin A.28 As shown in Scheme 1.21, this remarkable enantioselective 
total synthesis was completed in only 8 steps and 20% overall yield. Michael reaction 
between readily prepared 1.121 and 1.122 afforded compound 1.123 in a highly 
diastereoselective fashion. The key transformation of SmI2-mediated cyclization then 
generated the tricyclic core structure and established five stereocenters in a single 
operation. Compared to previous synthetic strategies, subsequent functional group 
manipulations can be dramatically minimized in this work, due to the correct oxidation 
level and stereocenter configuration in the key intermediate 1.123. The final target was 
completed in just 4 more steps.  
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28 Li, Z.; Nakashige, M.; Chain, W. J. J. Am. Chem. Soc. 2011, 133, 6553.!
O
TBSO
N2
O
O
Me
Me
O
OMe
Me
Me
2 mol% Rh2(Ooct)4
90%
MeMe
Me
O
TBSO
OO
O
O
Me
Me
dr = 3:1
DIBAL-H;
BF3•Et2O
59%
MeMe
Me
O
O
MeMe
Me
O
O
TBSO
O Me
3 steps
1) NaHMDS
2) MaOMe
43%
MeMe
Me
O
HO
H
O
Me
8 steps
MeMe
Me
O
HO
H
Me
OH
reported intermediate
+
1.114
1.115 1.116
1.117
1.1181.119
1.120

!
Scheme 1.21. SmI2-induced Cyclization in the Total Synthesis of Englerin A!
!
Conclusion 
 In summary, in this chapter, attention has been focused on the synthetic efforts 
towards biologically interesting guaiane natural products. This field of guaiane total 
synthesis has served and continues to serve as a touchstone for new methodologies and 
strategies. These efforts to design more efficient and stereocontrolled construction of 
guaiane skeletons will inevitably lead to a greater understanding of fundamental chemical 
reactivity, as well as more innovative solutions. 
O
O
Me
Me
Me H
O Me
+ LDA
75% O
O
Me
Me
MeH
Me
H
O
H
SmI2
43%
O
MeHMe
O
Me
Me
H
SmO
H
HMe
OH
OMe
O
Me
Me
4 steps
Me
Me
O
O
H
Me
Me
Ph
O
H O
O
OH
(-)-englerin A
1.121 1.122 1.123 1.124
1.125

!
Chapter 2 
Synthetic Studies toward the Total Syntheses of 
Guaiane Natural Products 
Introduction 
Novel transformations can shorten considerably synthetic routes to biologically 
important compounds. For example, previous research in the Snapper group has shown 
that cyclopropanation and thermolysis of cyclobutene adducts can rapidly prepare 
bicyclo[5.3.0]decanes (5-7 ring systems) (Scheme 2.1). It is worth noting that all the 
thermal fragmentation products are obtained with exclusive stereochemical inversion at 
C1 position. This advancement has led to the first total syntheses of pleocarpenene and 
pleocarpenone, as described briefly in Chapter 1. 
Scheme 2.1. Thermal Formation of Bicyclo[5.3.0]decane Systems!
!
 In an effort to develop a flexible synthetic strategy for the preparation of a wider 
range of the guaiane natural products, Dr. Leyhane from the Snapper group has shown 
that the cyclopropanation/thermal fragmentation strategy can serve as a common 
platform. This more generalized synthetic plan that allows for multiple guaiane natural 
products syntheses is summarized in Scheme 2.2. Intermediate 2.7 was generated through 
a cycloaddition-cyclopropanation-fragmentation sequence. Subsequent stereoselective 
hydrogenation, oxidation and olefination provided the key intermediate 2.9. Epoxidation 
of the olefin in 2.9, followed by regioselective ring-opening and installation of the C10 
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exo-olefin afforded pleocarpenene with a slightly longer sequence than the original plan 
(Chapter 1, Scheme 1.7 and 1.8). Pleocarpenene can then be used to prepare 
pleocarpenone through ozonolysis and epimerization. At the first branch point, further 
functionalization of key intermediate 2.9 delivered compound 2.11 from which three 
more guaiane natural products could be obtained. A similar epoxidation/ring-opening 
sequence provided 11-hydroxypogostol. Alternatively, rhodium-catalyzed isomerization 
of the C10 exo-olefin in 2.12 led to bulnesol, which can be further converted to hanamyol 
through a diastereoselective epoxidation followed by a transannular epoxide ring-
opening. The preparation of these functionally distinct guaiane natural products 
demonstrates both the usefulness and flexibility of this unique synthetic strategy into 5-7 
ring systems. 
 

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Scheme 2.2. General Route to Guaiane Natural Products
 
To complement the thermal ring rearrangement strategy, a mild, Lewis acid-
mediated fragmentation was also developed in the Snapper laboratory to deliver similar 
5-7 ring systems at a much lower temperature (Scheme 2.3).1 Bronsted and Lewis acid 
interactions with neighboring π systems are know to facilitate fragmentations of strained 
rings. 2  Based on this fact, highly strained polycyclic compound 2.13, with an 
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1 Deak, H. L.; Williams, M. J.; Snapper, M. L. Org. Lett. 2005, 7, 5785. 
2 For some representative rearrangements of cyclobutyl ketones, see: a) Cargill, R. L.; Jackson, T. E.; Peet, 
N. P.; Pond, D. M. Acc. Chem. Res. 1974, 7, 106. b) Hine, K. E.; Childs, R. F. Can. J. Chem. 1976, 54, 12. 
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appropriately positioned hydroxyl group was designed and synthesized. We have 
demonstrated that 2.13 can be oxidized by PCC to provide a ketone intermediate 2.14, 
which was then treated with a mild Lewis acid at 0 °C to undergo a ring fragmentation. 
Importantly, in contrast to the corresponding thermal formation of 5-7 bicyclic systems, 
C1 stereochemical retention was observed in the Lewis acid-mediated fragmentation 
product. 
Scheme 2.3. Lewis Acid-mediated Generation of Bicyclo[5.3.0]decane Systems!
 
A plausible mechanism by which this unique rearrangement may proceed is 
suggested in Scheme 2.4. After Lewis acid activation of the carbonyl group of compound 
2.15, the central C-C bond is weakened and breaks to yield carbocation 2.17, which may 
then undergo a conformational relaxation to generate the chair intermediate 2.18. 
Rearrangement of the cyclopropyl functionality adjacent to the carbocation occurs to 
afford the cycloheptenyl cation 2.19. Subsequent Lewis acid dissociation delivers the 5-7 
bicyclic ring compound 2.14 with retention of stereochemistry at C1. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
c) Sano, T.; Horiguchi, Y.; Kambe, S.; Tsuda, Y. Heterocycles 1981, 16, 363. d) Yamashita, M.; Onozuka, 
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Scheme 2.4. Plausible Mechanism of Lewis Acid-mediated Fragmentation!
 
 Table 2.1 illustrates the comparison of several rearrangement products under 
thermal or Lewis acid conditions. The mild conditions and stereoselectivity of the Lewis 
acid-mediated fragmentation would allow us to access efficiently the alternative 
stereochemical series of bicyclo[5.3.0]decanes to the thermal fragmentation. It is also 
noteworthy that cyclopropyl substrate 2.27 (entry 5), with a C10 configuration that is not 
tolerated in the thermolysis, rearranges under Lewis acid conditions to afford the 
corresponding 5-7 bicyclic products in good yield. We can conclude that this Lewis acid-
mediated fragmentation strategy extends significantly the synthetic utility of 
cyclobutadiene cycloadducts. 
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Table 2.1. Thermal and Lewis Acid-mediated Rearrangement of Strained Cyclopropane 
Systems!
 
 To further expand the scope of the intramolecular 
cycloaddition/cyclopropanation/strain-release fragmentation route to prepare more 
guaiane-type natural products, our plan will be to extend this strategy towards the first 
total synthesis of torilin and related guaiane natural products employing a divergent 
synthetic route.  
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Scheme 2.5. Torilin and Related Guaiane Natural Products 
 
 Among these selected guaiane natural products (Scheme 2.5), torilin represents 
the most biologically interesting target. It was first isolated in 1966 from a Japanese 
hedge parsley: torilis japonica, which has a rich history in east Asian folk medicine.3 
Since its isolation, various important biological activities have been demonstrated, such 
as anti-inflammatory, anti-cancer activity and anti-microbial activity.4 From the synthetic 
viewpoint, since no total synthesis has been achieved on this particular target, it would be 
useful for us to demonstrate the synthetic utility of our Lewis acid-mediated 
fragmentation methodology through the synthesis of this interesting molecule and a 
library of structural analogs for future biological studies. These studies would allow us to 
identify the relevant cellular interactions of this natural product. 
 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
3 Nakazaki, M.; Chikamatsu, H.; Maeda, M. Tetrahedron Lett. 1966, 37, 4499. 
4  For a detailed review of studies on the biological activities of torilin see: New Application of 
Cyclobutadiene Cycloadditions: Diversity and Target Oriented Synthesis, Marineau, J. J. Ph.D. 
dissertation, Department of Chemistry, Boston College, 2010. 
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Synthetic Plan 
 Guaiane natural products, especially torilin, represent an interesting and 
challenging class of synthetic targets for a few reasons. Torilin possesses a highly 
oxygenated 5-7 bicyclic ring skeleton and four stereogenic centers congested around the 
seven-membered ring. While related systems have been prepared, 5  such as 
hydroxycolorenone and 8-deangeloyloxytorilin, to the best of my knowledge, only one 
synthetic approach to torilin can be found in literature, however it’s not a successful 
synthesis.6 As shown in Scheme 2.6, the Jung group at UCLA aimed to apply a non-aldol 
aldol methodology to control the stereochemistry at C5 and C6 positions in compound 
2.34, which would then assist the formation of C8 and C9 stereocenters in compound 
2.32. Unfortunately, this sequence had never been tested out, due to the difficulties in the 
formation of intermediate 2.36. Both Mukaiyama aldol reaction and ring closure 
metathesis have failed to access the seven-membered ring skeleton.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
5 Coquerel, Y.; Greene, A. E.; Deprés, J.-P. Org. Lett. 2003, 5, 4453. 
6 Van den Heuvul, A. K. Scope and Limitation of the Non-aldol Aldol Reaction and Progress Toward the 
Total Synthesis of Torilin. Ph. D. Dissertation, University of California, Los Angeles, Los Angeles, CA, 
2004. 
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Scheme 2.6. Retrosynthetic Plan for Torilin through a Non-aldol Aldol Approach!
 
 Our retrosynthetic plan for torilin is summarized in Scheme 2.7. We anticipated 
that selective esterification and acylation of torilolone would deliver torilin. From diene 
2.39, torilolone would be generated through a directed hydroboration/oxidation sequence. 
Thanks to the presence of a tertiary hydroxyl group, the expected secondary hydroxyl 
group may be introduced in a regio- and stereochemically controlled fashion.  Compound 
2.39 could be generated through sequential reduction and alkylation from enone 2.40. 
Formation of enone 2.40 represents the key transformation in this synthetic plan. Upon 
oxidation of compound 2.41, the resulting ketone would be subjected to a 
diastereoselective Lewis acid-mediated fragmentation condition to provide enone 2.40. 
Functionalized cyclopropane 2.41 could be prepared from cyclobutene 2.42 through a 
diastereoselective cyclopropanation. Cyclobutene 2.42 would be generated through an 
intramolecular cycloaddition of free cyclobutadiene liberated upon oxidation of iron 
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tricarbonyl complex 2.43. 1,3-Dithiane was chosen as the protecting group for the ketone 
functionality in 2.43. More importantly, the dithiane was also believed to be able to 
activate the intramolecular cycloaddition between the in-situ generated free 
cyclobutadiene and the tethered unactivated olefin via a Thorpe-Ingold effect.7 Iron 
tricarbonyl complex 2.43 could be generated from an umpolung addition of the anion 
2.45 into the known iron aldehyde 2.44 to set up the protected hydroxy-ketone 
functionality. 
Scheme 2.7. Retrosynthetic Analysis of Torilin 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
7 Limanto, J.; Tallarico, J. A.; Porter, J. R.; Khuong, K. S.; Houk, K. N. Snapper, M. L. J. Am. Chem. Soc. 
2002, 124, 14748. 
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 In the journey to torilin, several other related guaiane natural products could be 
derived from different intermediates at different stages along the synthesis. As shown in 
Scheme 2.8, we believe that further functionalization of intermediate 2.39 through ketal 
deprotection and hydrogenation will provide compound 2.46 as the common intermediate 
to provide access to three more guaiane natural products. The C1 ring junction proton 
could be oxidized to yield 1,11-dihydroxy-4-guaien-3-one.8 Treatment of 2.46 with base 
will result in epimerization at the C1 position, affording hydroxycolorenone.9 Moreover, 
8-deangeloyloxytorilin could be generated through acylation of 2.46.5  
Scheme 2.8. Retrosynthetic Route to Five Guaiane Natural Products
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
8 a) Darses, B.; Michaelides, I. N.; Sladojevich, F.; Ward, J. W.; Rzepa, P. R.; Dixon, D. J. Org. Lett. 2012, 
14, 1684. b) Williams, D. R.; Robinson, L. A.; Nevill, C. R.; Reddy, J. P. Angew. Chem. Int. Ed. 2007, 46, 
915. 
9 Labbé, C.; Faini, F.; Coll, J.; Carbonell, P. Phytochemistry 1998, 49, 793. 
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Synthetic Studies toward the Total Syntheses of Torilin 
and Related Guaiane Natural Products 
 
Cyclobutene Formation and Functionalization 
With a reasonable and promising synthetic plan in hand, we began with the 
preparation of dithiane 2.42 (Scheme 2.9). The forward synthesis started from the 
commercially available α-pyrone. The UV irradiation triggered an electrocyclic ring 
closure, and the resulting cyclobutene was then treated with Fe2(CO)9 in hot benzene. 
Complexation followed by decarboxylation yielded the stable iron methyl ester 2.48 as a 
yellow solid. Reduction of 2.48 with DIBAL-H and subsequent oxidation of the resulting 
alcohol by MnO2 provided iron aldehyde 2.44 in good yield. Deprotonation of crotyl 
dithiane with t-BuLi provided an acyl anion equivalent, which was added to aldehyde 
2.44 to generate iron complex 2.43 in 79% yield. Among all the oxidants that could in-
situ generate free cyclobutadiene, ceric ammonium nitrate (CAN) was found to be 
superior, due to the easy operation and consistent high yields. However, CAN can also 
serve to efficiently cleave 1,3-dithiane derivatives.10 Fortunately, by carefully controlling 
the reaction time, cyclobutene 2.42 was afforded in 73% yield without any loss of the 
1,3-dithaine group. While 2.42 was isolated as an inseparable 3:2 α:β mixture of alcohol 
diastereomers, this mixture can be exclusively converted to the α-diastereomer through 
an oxidation of the hydroxyl group followed by a highly diastereoselective reduction in 
good yield. Usually these two isomers are brought forward as a mixture and converged 
later in the synthesis. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
10 Ho, T. L., Ho, H. C. and Wong, C. M. J. Chem. Soc., Chem. Commun. 1972, 791. 
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Scheme 2.9. Preparation of Functionalized Cyclobutene
 
Preparation for Cyclopropanation 
With functionalized cyclobutene 2.42 in hand, our attention was turned to 
examining the diastereoselective cyclopropanation. Metal-catalyzed carbenoid 
cyclopropanation was first attempted. Preliminary results suggested the necessity to first 
protect the free hydroxyl group and remove the sensitive 1,3-dithaine functionality. 
Protection of the secondary alcohol was achieved via a standard acylation procedure to 
generate 2.50 in 96% yield. Unfortunately, in this case, we found that it rather difficult to 
remove the dithiane efficiently. As illustrated in Scheme 2.10, in order to develop a one-
pot ketal exchange, a wide array of existing conditions were studied. Most conditions 
were found to give either poor reactivity or complete degradation. Some conditions, such 
as the use of Selectfluor, can provide the desired product 2.51 in a low yield (e.g. 10%-
20%). However, even low yields were not reproducible and varied each time. Finally, 
Hg(ClO4)2 was found to provide the best and most reproducible result.  
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Scheme 2.10. Condition Screening for One-pot Ketal Exchange
 
 Hg(ClO4)2 seemed to provide us a promising lead for the one-pot ketal exchange. 
More factors were taken into consideration to make reasonable changes in reaction 
condition optimization. As shown in Scheme 2.11, from entry 1 to 3, reaction time was 
studied from 5 to 15 min in 5 min time intervals. It is shown that 5 min was too short to 
obtain full conversion, while 15 min was too long and resulted in significant amount of 
product decomposition, especially for the more sensitive α-diastereomer. Therefore, the 
reaction time needs to be accurately controlled. The effect of different additives on the 
Hg(ClO4)2-mediated dithiane removal was also investigated (entry 4 and 5). CaCO3 was 
expected to quench any HClO4 generated under the reaction conditions while molecular 
sieves could further dry the solvent and reagents. Unfortunately, neither of these 
modifications improved the reaction. In contrast, they dramatically slowed down the 
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desired pathway and promoted the formation of unidentified byproducts.  Different ratios 
of solvent were also investigated as shown in entry 6 and 7. Increasing the percentage of 
ethylene glycol from 20% (entry 2) to 50% (entry 6) slowed down the reaction and led to 
the formation of unknown byproducts. Alternatively, conditions with ethylene glycol 
percentage decreased to 10% (entry 7), provided similar results as that in entry 2. In 
summary, we were able to obtain the desired ketal exchange product 2.51 in 42-45% 
yield, by treating cyclobutene 2.50 with 2.5 equivalent Hg(ClO4)2 in 4:1 
CH3CN/(CH2OH)2 at 40 °C for exactly 10 min.  
Scheme 2.11. Condition Optimizations of Hg(ClO4)2-mediated One-pot Ketal Exchange!
 
 Theoretically, ethylene glycol may not be a very good nucleophile to replace the 
1,3-dithiane efficiently enough to suppress the formation of undesired byproducts. We 
also tried to carry out this transformation in a two-step fashion. As shown in Scheme 
2.12, in the solvent mixture CH3CN/H2O instead of CH3CN/(CH2OH)2, the deprotection 
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was complete in ten minutes and exclusively afforded ketone 2.52, as indicated by both 
TLC and crude 1H NMR. Unfortunately, this reaction suffered from surprisingly low 
yield due to volatility of ketone 2.52. Ketal 2.51 was obtained in only 31% yield over two 
steps. 
Scheme 2.12. Stepwise Ketal Exchange 
 
 Due to the inherent differences of reactivity, the α-isomer of 2.50 was always 
found to react faster than the β-isomer in ketal deprotection. Examination of the X-ray 
crystal structure of the β isomer 11 helped us to understand this observation. As shown in 
Figure 2.1, we can clearly see that the 1,3-dithiane group is in a very sterically hindered 
environment. The S1 atom in both the α- and β-diastereomers are shield by the rigid ring 
system. The only difference is that the S2 atom in the α-isomer is more accessible for 
Hg(ClO4)2 than that in the β-isomer. As can be seen in the crystal structure, the S2 atom 
in the β-isomer is almost entirely eclipsed by the acetate group. Therefore, reactivity in 
this transformation was likely influenced by steric factors.  
 
 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
11 This single crystal was obtained by Dr. Jason J. Marineau. 
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Figure 2.1 Crystal Structure of the β-isomer of 2.50 
 
Other Approaches to Generate the Cycloaddition Precursor 
 To overcome this roadblock of dithiane removal and deliver large quantities of 
2.51 for further studies, alternative approaches to generate cycloaddition precursor 2.53 
were also explored. As shown in Scheme 2.13, there are two potential pathways to access 
this target molecule. In pathway a, iron complex 2.53 is considered as a protected 
hydroxy ketone and could be accessible through an umpolung addition of acyl anion 
equivalent 2.54 into the iron aldehyde 2.44. The Corey-Seebach reaction described above 
falls into this category by utilizing a dithiane-stabilized anion. In pathway b, efforts to 
avoid the inefficient exchange of 1,3-dithiolane to dioxolane functionality were also 
examined. Addition of cyclobutadiene iron tricarbonyl anion 2.55 into the corresponding 
aldehyde fragment 2.56 would serve as alternative strategy to generate 2.53.  
S1
S2
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Scheme 2.13. Two Possible Pathways to Generate Cycloaddition Precursor 2.53!
 
Umpolung addition of acyl anion equivalent: 
 In our original design, the dithiane functionality in cycloaddition precursor 2.43 
not only serves as a masked hydroxy ketone, but also activates the subsequent 
cycloaddition of cyclobutadiene with the unactivated alkene through a Thorpe-Ingold 
effect. Considering that the alternative acyl anion equivalent should meet both demands, 
we turned our attention to a strategy that uses protected cyanohydrins. As shown in 
Scheme 2.14, we sought to prepare the umpolung addition partner 2.59 through 
alkylation of nitrile 2.61 with crotyl bromide 2.60. Unfortunately, we were unable to 
generate any desired product 2.59. Switching the addition order and changing the O-
protection group didn’t help either.  Through a literature search, we realized that the 
protected ether of formaldehyde cyanohydrins 2.61 would undergo a rapid self-
condensation upon deprotonation.12  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
12 Stork, G.; Ozorio, A. A.; Leong, A. Y. W. Tetrahedron Lett. 1978, 52, 5175. 
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Scheme 2.14. O-Protected Cyanohydrins Approach!
!
 In 1978, Professor Stork proposed that increasing the steric hindrance around the 
carbanion center of the heterosubstituted nitrile might prevent the self-condensation 
reaction. His group reported N,N-diethylaminoacetonitrile 2.62 as an excellent latent 
formaldehyde anion reacting with alkyl halides and Michael acceptors.12 By following 
their procedure, compound 2.63 was successfully prepared (Scheme 2.15) in good yield. 
However, the addition of the in-situ generated anion from 2.63 to aldehyde 2.44 failed to 
provide any expected product. Instead, rearranged amino ketone 2.65 was observed as the 
only product in low yield. 
Scheme 2.15. N,N-Disubstituted Cyanohydrins Approach!
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Addition of cyclobutadiene iron tricarbonyl carbanion to aldehyde: 
 Efforts were also made to utilize the lithiated cyclobutadiene iron tricarbonyl13 as 
a nucleophile to add into the corresponding α-ketal aldehyde 2.70 and generate 
cycloaddition precursor 2.68. As shown in Scheme 2.16, we quickly examined the 
reaction between 2.67 and easily accessed aldehyde 2.70. Due to the substantial steric 
hindrance around the reaction site in both addition partners, this transformation 
unfortunately suffered from low reactivity even at elevated temperature.  
Scheme 2.16. Addition of Cyclobutadiene Iron Tricarbonyl Carbanion into the 
Corresponding Aldehyde 
!   
Preparation of Functionalized Cyclopropane 
 With a secured access to cyclobutene 2.51 through the use of Hg(ClO4)2-mediated 
one-pot ketal interconvertion, efforts were focused on further exploring our synthetic plan. 
A highly diastereoselective intermolecular cyclopropanation was achieved through a 
Cu(acac)2-catalyzed diazo decomposition of ethyl diazoacetate to generate intermediate 
2.71, which was later treated with excess MeLi in the presence of TMEDA to afford 
desired diol 2.41 in 90% yield over two steps. The relative configuration was !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
13 Bunz, U. Organometallics 1993, 12, 3594. 
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unambiguously demonstrated by single crystal X-ray diffraction of the α-isomer of 2.41 
(Scheme 2.17).10 This highly functionalized and strained intermediate was now well 
posed to test the Lewis acid-mediated rearrangement to access the desired 5-7 ring 
system. 
Scheme 2.17. Preparation of Functionalized Cyclopropane!
 
Lewis Acid-mediated Fragmentation 
 In this more complicated system, even the well-developed and relatively mild 
PCC/BF3!Et2O conditions proved to be too harsh for the key transformation. Finally, a 
modified Ley oxidation was found to deliver the labile ketone in good efficiency. 
Commonly used co-oxidation N-methylmorpholine-N-oxide (NMO) was found to trigger 
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undesired side reactions. 14  Therefore, the use of a stoichiometric amount 
tetrapropylammonium perruthenate (TPAP) was applied in this case. Again, the two 
diastereomers, 2.41β and 2.41α, showed different reactivity in the oxidation step (Scheme 
2.18). Nevertheless, subjection of the mixture of 2.41β and 2.41α to TPAP at 0 °C in 
CH2Cl2 for 40 min didn’t cause significant decomposition and other side reactions. 
Therefore, some effort was saved by carrying these two diastereromers together through 
the oxidation step. Interestingly, due to the Lewis acidic nature of Ru metal, about 10% 
ketone intermediate 2.72 underwent fragmentation; however, extended reaction time (two 
hours) didn’t necessarily lead to any further conversion. 
Scheme 2.18. Mild TPAP Oxidation of Key Intermediate!
 
 As shown in Scheme 2.19, BF3!Et2O was first studied to mediate this 
fragmentation. Ketone 2.72 was treated with 2.4 equivalent BF3!Et2O at -78 °C in 
CH2Cl2 for one hour to afford an inseparable mixture of diastereomers in a 4.8:1 ratio at 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
14 Dr. Jason J. Marineau found that the use of cooxidant NMO resulted in the formation of an over-oxidized 
byproduct:  
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56% conversion, with the desired diastereomer as the major product (entry 1). To achieve 
full conversion, the amount of BF3!Et2O was increased to 4.8 equivalent (entry 2). One 
hour later, the conversion was slightly improved, but the ratio of desired product 2.40 to 
undesired product 2.73 dropped to 3.4:1. Simply increasing the reaction temperature 
(entry 3) or lengthening reaction time (entry 4) led to full consumption of starting 
material 2.72 but with unsatisfactory diastereoselectivity. 
Scheme 2.19. Boron Trifluoride Etherate-mediated Fragmentation!
  
 As illustrated in Table 2.2, a broad range of Lewis acids were then examined in 
the key fragmentation in order to improve both reactivity and selectivity: including main 
group Lewis acids (entry 1 to 6), early transition metal Lewis acids (entry 7 to 11), late 
transition metal Lewis acids (entry 12 to 21) and TMSOTf (entry 22). Late transition 
metal Lewis acids seemed to provide the most promising results, especially FeCl3 and 
RuCl3 (entry 9 and 10). In both case over 70% conversion and synthetically useful 
diastereoselectivity were obtained. Moreover, ligands also had a significant impact on the 
rearrangement. For example, in the presence of InCl3, after five hours only 50% ketone 
2.72 underwent fragmentation to afford a mixture of rearranged products 2.40 and 2.73 in 
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a 4.2:1 ratio. Both reactivity and selectivity were changed when switching the Lewis acid 
to In(OTf)3. The reaction was completed in 30 min with a 1.1:1 ratio of 2.40 to 2.73. 
Presumably, influences of ligands on the Lewis acidity of metal centers contributed to the 
different chemical outcomes of the fragmentation. 
Table 2.2. Lewis Acids Screening for the Key Rearrangement!
!
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22 <1:10
La(OTf)3
2.40/2.73
 ratio
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! To obtain a better understanding of the fragmentation, optimization of other 
reaction parameters was also taken into consideration (Table 2.3). Changing the solvent 
from CH2Cl2 to other solvents such as THF and EtOAc led to the formation of a 
significant amount of unknown byproducts. We also found reaction scale significantly 
influenced the efficiency of this heterogeneous reaction: when the reaction was scaled up 
from 2 mg to 49 mg, both conversion and diastereoselectivity dropped dramatically even 
under the same conditions when employing RuCl3 as the Lewis acid. 
Table 2.3. Solvent and Scale Effects on the Lewis Acid-mediated Rearrangement 
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1
2
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H Me
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Me
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O
HO
Me
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O
O
Me
H
O
HO
Me
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+
CH2Cl2
-78 °C, 1 h
entry scale conversion
1
2 49 mg
73% 9.8:1
4.7:149%
2 mg
solvent
2.72 2.40
2.73
2.72 2.40 2.73
2.40/2.73 
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Brønsted Acid-mediated Fragmentation 
 After an extensive screening of Lewis acids, efforts were next focused on the 
application of Brønsted acids. As shown in Table 2.4, acids with different pKa values15 
showed different capacities to mediate this fragmentation. Strong acid like triflic acid led 
to full conversion but poor diastereoselectivity (entry 1). Less acidic tosylic acid 
monohydrate improved the transformation to a synthetically useful level of selectivity, 
though with only partial conversion (entry 2). The use of much weaker acids; however, 
didn’t further improve the fragmentation (entry 3 and 4). In an effort to improve the 
conversion of tosylic acid monohydrate-mediated rearrangement, more acid and longer 
reaction time were attempted. Unfortunately, no further conversion was observed. 
Gratifyingly, it was discovered that full conversion could be accomplished by 
resubjection the mixture of rearranged product and unreacted starting material to the 
same acidic conditions, though with final diastereoselectivity slightly decreased to 5.3:1. 
In sharp contrast to the utilization of RuCl3, both of the reactivity and selectivity are 
completely retained when this tosylic acid monohydrate-mediated fragmentation is scaled 
up to 31 mg. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
15 pKa values are referred to Evans pKa table. 
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Table 2.4. Screening of Brønsted Acids for the Key Fragmentation!
  
Mechanism Discussion 
 We contemplated the mechanism by which formation of the undesired 
diastereomer 2.73 may proceed. Better understanding of the reaction pathway could help 
us to improve both reactivity and selectivity. As illustrated in Scheme 2.20, the desired 
diastereomer 2.40 is believed to be formed through a similar mechanism as we described 
in Scheme 2.4. First, acid activates the appropriately positioned carbonyl group and 
weakens the neighboring C5-C9 bond. Subsequent fragmentation of this C-C bond yields 
carbocation intermediate 2.74. In pathway a, conformational relaxation, cyclopropane 
ring opening followed by loss of the Lewis acid affords the desired product 2.40 with 
retention of stereochemistry at C1 and C10. In pathway b, direct fragmentation of the C1-
C10 bond and rearrangement would likely occur to quench the carbocation and provide 
the divinyl cyclopropane 2.77. Bond rotation might happen along both the C5-C6 and the 
C8-C9 bonds to adopt an endo-boat conformation. Then a subsequent Cope 
Me
O
O
O
H Me
O
Me
Me
HO H
H
O O
Me
OHMe
CH2Cl2, -78 °C, 1 h
entry
Me
O
O
O
H
Me
OHMe
+
2.402.72 2.73
conversion pKaa
1
2
3
4
Brønsted acid 
(1.2 eq)
TfOH
TsOH•H2O
CSA
PPTS
100% 2.0:1 -14
68% 7.1:1 -2.8
65% 5.7:1 1.2
45% 4.8:1 5.2
2.40/2.73
ratio
a Measured in H2O solution at 25 °C
Brønsted acid
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rearrangement would deliver the undesired product 2.73 with both stereo-inversion at C1 
and C10. 
Scheme 2.20. Mechanistic Rationale for the Formation of Two Diastereomers in the 
Acid-mediated Fragmentation!
  
 Compound 2.72 possesses two additional complexities compared to the simple 
substrates1 studied by Dr. Holly Deak: an isopropanol group and a 1,3-dioxolane. 
Presumably, the undesired pathway b may be a consequence of these additional 
molecular complexities. As shown in the top equation of Scheme 2.21, the application of 
a single point Lewis acid also provided a mixture of two diastereomers, which rules out 
the possibility that α-chelation of the ketal to the Lewis acid might change the 
conformation of the reactive intermediates to make the undesired pathway more 
competitive. Then a simple substrate 2.79, without 1,3-dioxolane functionality, was 
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tested in the rearrangement. Again a mixture of two diastereomeric ring-opening products 
was obtained in a 2:1 ratio.  These two experiments suggest that the presence of the 
requisite isopropanol group may lead to the formation of undesired rearranged product 
2.73. 
Scheme 2.21. Influences of Additional Complexities in the Acid-mediated Fragmentation!
 
 According to the Walsh orbital theory,16  one of the degenerate HOMO of 
cyclopropane moiety interacts well with low-lying empty p orbital of the neighboring 
cationic center so that the cyclopropylcarbinyl cation displays unusual stability. As 
shown in Scheme 2.22, in carbocation 2.74, due to inductive effect of oxygen atom, the 
C-O bond of the tertiary alcohol may be considered as a good electron acceptor. The 
electron density is likely shifted away from the cationic center. Therefore, the presence of !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
16 a) Walsh, A. D. Trans. Faraday Soc. 1949, 45, 179. b) Meijere, A.: Angew. Chem. Ed. Int. 1979, 18, 809. 
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the additional isopropanol substituent may possibly cause carbocation 2.74 less stabilized 
compared to a simple system 2.17, thus accelerating the direct C1-C2 fragmentation and 
rearrangement in pathway b to quench the corresponding carbocation. Studying the acid-
mediated fragmentations of similar strained cyclopropyl compounds with the 
corresponding substituents of distinct electronic properties could be useful to probe this 
hypothesis.  
Scheme 2.22. Plausible Carbocation Stabilization through Walsh Orbital Interactions!
  
 Alternatively, the presence of additional molecular complexities may also change 
the conformation of 2.74 compared to 2.17.  The orbital alignment in compound 2.74 to 
undergo pathway b may be more favored than that in compound 2.17. Future 
computational studies may assist us to gain more information about this hypothesis. 
Radical-mediated Fragmentation 
 Alternatively, fragmentation could be achieved when a radical is generated 
adjacent to a strained system. 17  The strain intrinsic to a small ring drives the 
transformation. Recently, the Sorensen group18 reported such strain-release fragmentation !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
17 a) Comins, D. L.; Zheng, X.; Goehring, R. R. Org. Lett. 2002, 4, 1611. b) Comins, D. L.; Zhang, Y.-M.; 
Zheng, X. ChemComm. 1998, 2509. c) Baker, W. R.; Senter, P. D.; Coates, R. M. J. C. S. Chem. Comm. 
1980, 1011. d) Dauben, W. G.; Deviny, E. J. J. Org. Chem. 1970, 35, 374. 
18 Shipe, W. D.; Sorensen, E. J. J. Am. Chem. Soc. 2006, 128, 7025. 
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of cyclobutane in the total syntheses of guanacastepenes A and E  (Scheme 2.23). 
Cyclobutane 2.82, derived from an intramolecular enone-olefin [2+2] photocycloaddition, 
was reduced by SmI2 to afford ketyl radical 2.84. Subsequent reductive ring opening led 
to the cleavage of the internal C-C bond, which possesses the maximum overlap with the 
p-orbital of ketyl radical 2.84. Less thermodynamically stable secondary radical 
intermediate 2.85 was then formed, containing the desired 5-7-6 tricyclic ring skeleton, 
with release of at least 26.5 kcal/mol19 ring strain. One of the nice features of this 
fragmentation strategy is that this transformation proceeds in a very mild and highly 
stereo-controlled fashion. None of the pre-installed stereocenters get destroyed.  
Scheme 2.23. Radical Fragmentation in the Convergent, Enantioselective Syntheses of 
Guanacastepenes A and E!
 
 Inspired by this strain-release fragmentation of cyclobutane containing complex 
molecules, we decided to attempt a similar reductive ring-opening strategy to our system. !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
19 Wiberg, K. B.; Angew. Chem. Int. Ed. Engl. 1986, 25, 312.!
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As shown in Scheme 2.24, if successful, this methodology would serve as an alternative 
pathway to provide interesting bicyclo[5.3.0]decane systems 2.91.  
Scheme 2.24. Proposed Formation of Bicyclo[5.3.0]decane Systems through Radical-
mediated Fragmentation 
 
 Our preliminary results are summarized in Scheme 2.25. Model substrate 2.79 
with out 1,3-dioxolane moiety was first tested using Li°/NH3 as our reducing species. The 
rearranged 5-7 bicyclic compound 2.92 was obtained in 30% yield as a single 
diastereomer without any optimization. When switching to the real substrate 2.72, 
unfortunately no desired product was observed. The additional ketal functionality is 
likely responsible for the unexpected decomposition.20 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
20 For representative reduction of α-heterosubstituted ketones, see: Molander, G. A.; Hahn, G. J. Org. 
Chem. 1986, 51, 1135. 
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Scheme 2.25. Radical Fragmentation in Our System!
 
Further Functionalization after Fragmentation 
 Since enone 2.40 is sensitive to acidic, basic and chromatographic purification 
conditions, this compound can only be subjected immediately to a subsequent 
transformation without further purification. As illustrated in Scheme 2.26, after the key 
rearrangement, the resulting enone 2.40 would be reduced in a 1,4-fashion. Standard 
methods such as L-selectride would be first examined. The in-situ generated enolate 
could then be trapped with Comins’ reagent21 to provide enol triflate 2.93,22 which would 
undergo a cross-coupling reaction with methyl Grignard reagent 23  to afford key 
intermediate 2.39. As we discussed earlier in Scheme 2.8, torilin and four other related 
guaiane natural products could be possibly prepared from 2.39. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
21 Comins, D. L.; Dehghani, A. Tetrahedron Lett. 1992, 33, 6299. 
22 Investigation of Intramolecular [2+2] Photocycloadditions: Using New Cycloaddition/Fragmentation 
Strategies Toward Medium Ring-Containing Natural Products, Ng, S. M. Ph.D. dissertation, Department of 
Chemistry, Boston College, 2008.!
23 a) Fürstner, A.; Leitner, A. Angew. Chem. Int. Ed. 2002, 41, 609. b) Scheiper, B; Bonnekessel M.; 
Fürstner, A. J. Org. Chem. 2004, 69, 3943. 
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Scheme 2.26. Proposed Synthetic Approach for Methyl Group Installation!
!
 As illustrated in Table 2.5, initial studies employing L-selectride to achieve 
conjugate reduction only resulted in allylic alcohol (entry 1). Stryker’s reagent24 is well 
known to serve as a powerful hydride donor in the conjugate reduction of enones. 
However, this protocol was proved to be ineffective in our case with formation of only a 
small amount of olefin isomerized product 2.96 (entry 2). Efforts were next focused on 
the preparation and modification of copper hydride reagents in situ.25 Unfortunately, all 
our attempts provided no desired product (entry 3-5). 
Table 2.5. Screened Conditions for Conjugate Reduction!
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
24 Mahoney, W. S.; Bretensky, D. M.; Stryker, J. M. J. Am. Chem. Soc. 1988, 110, 291. 
25 a) Baker, B. A.; Boškovlć, Ž. V.; Lipshutz, B. H. Org. Lett. 2008, 10, 289. b) Ashby, E. C.; Lin, J. J.; 
Kovar, R. J. Org. Chem. 1976, 41, 1939. c) Studies Toward the Total Synthesis of Quinine, Webber, P. A. 
Ph.D. dissertation, Department of Chemistry and Biochemistry, The University of Texas at Austin, 2008. 
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 Given the difficulty of conjugate reduction, a revised route was pursued in the 
meanwhile. As illustrated in Scheme 2.27, a mild methylation 26  was successfully 
performed to provide relatively more stable diols 2.97 and 2.98 as a mixture of 
diastereomers, which could be readily separated by silica gel column chromatography. 
Currently, the desired diol 2.97 was obtained in 47% yield from this minimally optimized, 
three-step sequence. Besides CeCl3-MeLi condition, MeLi and MeMgBr were also 
investigated but were found to be too basic, leading to significant degradation. 
Scheme 2.27. Mild Installation of Methyl Substituent
 
 With these relatively stable diols in hand, 1D NOESY experiments were 
attempted on one diastereomer of 2.97 and one diastereomer of 2.98. As illustrated in 
Figure 2.2, correlation of Ha and Hb in 2.97 is observed, while no such correlation is 
observed in 2.98. These findings are consistent with our speculation about the 
stereochemistry assignment for these fragmentation products. 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
26 Boger, D. L; Ichikawa, S.; Zhong, W. J. Am. Chem. Soc. 2001, 123, 4161. 
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Figure 2.2. Results of 1D NOESY Experiment 
 
 Our efforts to convert diol 2.97 to our multiple synthetic targets started from ketal 
deprotection. As shown in Scheme 2.28, removal of the ketal group under strongly acidic 
condition unfortunately led to additional changes in this molecule. C1 epimerization 
occurred along with unexpected isomerization of the allylic hydroxyl group. Enone 2.99 
was obtained predominately in a 2.6:1 ratio with the other epimer 2.100. These C1 
epimers were carried on together through the subsequent transformation. A SmI2-
mediated deoxygenation27 followed by selective hydrogenation of the less hindered 
olefin, successfully converted major isomer 2.99 to one of our five targets: 
hydroxycolorenone. More importantly, the formation of hydroxycolorenone also allows 
us to confirm our stereochemical assignments of the fragmentation products. The efforts, 
to identify 1-epi-hydroxycolorenone from products mixture after hydrogenation, 
however, failed. Based on the mass spectrum of reaction crude, over-reduction might 
occur during the hydrogenation of the minor epimer. Therefore, separation of 2.99 and 
2.100 is strongly suggested before any further chemical transformations. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
27 Szostak, M.; Spain, M.; Procter, D. J. J. Org. Chem. 2012, 77, 3049. 
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Scheme 2.28. Further Functionalization Toward the Total Synthesis of Torilin!
 
 In order to prepare other selected guaiane natural products, the C1 epimerization 
needs to be minimized. More mild deprotection conditions were examined.28 As shown in 
Table 2.6, due to the presence of a very sensitive α-allylic hydroxyl group, most of the 
conditions unfortunately led to either decomposition or no conversion at all.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
28 a) Sen, S. E.; Roach, S. L.; Boggs, J. K.; Ewing, G. J.; Magrath, J. J. Org. Chem. 1997, 62, 6684. b) 
Nishimura, T.; Unni, A. K.; Yokoshima, S.; Fukuyama, T. J. Am. Chem. Soc. 2011, 133, 418. c) Lipshutz, 
B. H.; Pollart, D.; Monforte, J.; Kotsuki, H. Tetrahedron Lett. 1985, 26, 705. d) Porco, Jr. J. A.; Su, S.; Lei, 
X.; Bardhan, S.; Rychnovsky, S. D. Angew. Chem. Int. Ed. 2006, 45, 5790. e) Marcantoni, E.; Nobili, F.; J. 
Org. Chem. 1997, 62, 4183. f) Gregg, B. T.; Golden, K. C.; Quinn, J. F. J. Org. Chem. 2007, 72, 5890. g) 
Gautier, E. C. L.; Graham, A. E.; McKillop, A.; Standen, S. P.; Taylor, R. J. K. Tetrahedron Lett. 1997, 38, 
1881. h) Ates, A.; Gautier, A. Leroy, B.; Plancher, J.-M.; Quesnel, Y.;! Vanherck, J.-C.; Markó, I. E. 
Tetrahedron 2003, 59, 8989. i) Sun, J.; Dong, Y.; Cao, L.; Wang, X.; Wang, S.; Hu, Y. J. Org. Chem. 
2004, 69, 8932. 
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Table 2.6. Conditions Screening for Mild Ketal Deprotection!
 
 A different reaction sequence may bring the solution to the epimerization 
problem.  If the deoxygenation is performed first, ketal deprotection may occur under a 
much milder conditions. As in Scheme 2.29, under the most optimistic circumstance, an 
efficient one-step operation for the reductive 1,3-transportation of allylic alcohols could 
directly provide the desired compound 2.39 from 2.97.  
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O
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I II
1 10 mol% I2, acetone, rt, 10 min degradation
2 CAN, CH3CN/H2O, 70 °C, 2 min degradation
3 CeCl3•7H2O, CH3CN, 15 mol% NaI, rt, 20 h no conversion
4 Montmorillonite K10 clay, DCM, rt, 7 h degradation
5 In(OTf)3, dry acetone, rt, 2 h II + lots of byproducts
6 8% PdCl2(CH3CN)2, dry acetone, rt, 3 day trace II + degradation
7 20% PdCl2(CH3CN)2, 10:1 acetone/H2O, rt
8 5:1 HOAc/H2O, 70 °C, 1.5 h degradation
9 PPTS, acetone/H2O, 40 °C, overnight no conversion
10 Amberlyst 15, THF/H2O, rt, 19 h no conversion
11 FeCl3•6H2O, DCM, rt, 10 min degradation
12 FeCl3•6H2O, 4:1 DCM/acetone, rt, 1.5 h degradation
13 FeCl3•6H2O/SiO2, acetone, rt, 3 h trace II + degradation
14 30% HCl, THF, 0 °C, 23 h I + 32% conversion
15 10% HCl, MeOH, rt, 23 h I + 49% conversion+ byproducts
16 5% HCl, THF, rt, 23 h I + < 50% conversion + lots of byproducts
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Scheme 2.29. Reductive 1,3-Transportation of Allylic Alcohols!
 
 One common strategy for such direct transformation has been developed in the 
Myers group. 29  At low temperature, a Mitsunobu reaction with o-
nitrobenzensulfonylhydrazine as the nucleophile may transform allylic alcohol 2.101 to 
allylic sulfonylhydrazine intermediate 2.102 (Scheme 2.30).  Subsequent warming up to 
room temperature could induce the formation of allylic diazene 2.103 by thermal 
elimination of o-nitrobenzensulfinic acid, followed by sigmatropic elimination of 
nitrogen gas to deliver the corresponding alkene 2.104 with desired regioselectivity. 
Since both of the hydroxyl groups in 2.97 are tertiary, it will be necessary to protect the 
tertiary hydroxyl group in compound 2.94 immediately after the key rearrangement to 
provide 2.101. Given the sensitivity of enone 2.94, only very mild protection conditions 
can be applied.30 
 
 
 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
29 Myers, A. G.; Zheng, B. Tetrahedron Lett. 1996, 37, 4841. 
30 a) Blackwell, J. M.; Foster, K. L.; Beck, V. H. Piers, W. E. J. Org. Chem. 1999, 64, 4887. b) Brown, L.; 
Koreeda, M. J. Org. Chem. 1984, 49, 3875.  
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Scheme 2.30. Proposed Formation of Compound 2.104 through Reductive 1,3-
Transportation of Allylic Alcohols 
!  
 Alternatively, since the particular hydroxyl group that we are interested in is at an 
allylic position, the application of palladium catalysis may allow for a selective 
deoxygenation of the allylic hydroxyl group without protecting the other tertiary 
hydroxyl group. In general, palladium-catalyzed reductions of allyl esters and allyl 
carbonates have been extensively studied.31  However, precedents of directed reduction 
of allyl alcohols are rare, since hydroxyl groups are not ideal leaving groups in general. A 
Pd(0)-Et3B catalytic system has been shown to directly activate allyl alcohols.32 As 
shown in Scheme 2.31, upon coordination to the hydroxyl group, Et3B activates the allyl 
alcohol toward oxidative addition of Pd(0) to the allylic C-O bond. The resulting 
palladium π-allyl intermediate can react with a variety of nucleophiles, such as amines, 
phenols, malonates and indoles. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
31 Tsuji, J. Palladium reagents and catalysts: innovations in organic synthesis; Wiley: New York, 1995.  
32 Tamaru, Y.; Kimura, M. Pure Appl. Chem. 2008, 80, 979. 
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Scheme 2.31.  Pd(0)-Et3B Catalyzed Direct Activation of Allyl Alcohols 
 
 Presumably, treatment of 2.97 with Pd(0)-Et3B, followed by addition of hydride33 
would generate deoxygenated product 2.39 (Scheme 2.32). The desired regioselectivity 
could possibly be achieved through the use of LiBHEt3, which has been reported to attack 
palladium π-allyl intermediate at the less hindered position34 via internal transfer to give 
the more substituted alkene. 
Scheme 2.32. Proposed Palladium-catalyzed Deoxygenation of Key Intermediate 2.97!
 
 Once a secured pathway to generate diene 2.39 is in hand, our efforts will be 
focused on completing the syntheses of torilin and other related natural products. Several 
options are proposed to prepare torilolone shown in Scheme 2.33. In a most 
straightforward manner, hydroboration directed by the tertiary hydroxyl group35 (or the 
corresponding acetate) 36 can be used to install the second hydroxyl group in a regio- and 
stereoselective fashion. If this plan doesn’t provide satisfactory selectivity, a two-step 
sequence will be attempted. The preparation will start with a directed epoxidation37 and 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
33 a) Hutchins, R. O.; Learn, K.; Fulton, R. P. Tetrahedron Lett. 1980, 21, 27. b) Keinan, E.; Greenspoon, 
N. Tetrahedron Lett. 1982, 23, 241. 
34 Forsyth, D. A.; Estes, M. R.; Lucas, P. J. Org. Chem. 1982, 47, 4380.!
35 Rarig, R.-A.; Scheideman, M.; Vedejs, E. J. Am. Chem. Soc. 2008, 130, 9182.  
36 House, H.; Melillo, D. G. J. Org. Chem. 1973, 38, 1398. 
37 Hoveyda, A. H.; Evans, D. A.; Fu, G. C. Chem. Rev. 1993, 93, 1307. 
OH
+ Et3B
- Et3B
OH
Et3B
Pd(0)
Pd
OH BEt3
Nu
Nu
O
O
HO
Me
Me
Me
H
HO Me O
O
HO
Me
Me
Me
H
Me
Pd(PPh3)4
Et3B, LiBHEt3
2.392.97
O
O
HO
Me
Me
Me
H
Me
PdH
2.105

!
followed by a chelation controlled-regioselective reductive epoxide ring opening38 to 
provide compound 2.106. Removal of the ketal under mild conditions39 should generate 
torilolone without epimerization at the ring junction. Selective Yamaguchi esterification40 
followed by acylation41 will then complete the synthesis of torilin. 
Scheme 2.33. Proposed Completion of the Syntheses of Torilolone and Torilin!
!
 In the meanwhile, the formation of diene 2.39 will also allow us to establish a 
flexible synthesis to both 8-deangeloyloxytorilin and 1,11-dihydroxy-4-guaien-3-one. As 
shown in Scheme 2.34, selective hydrogenation of the less sterically encumbered olefin 
in 2.39, followed by a mild ketal deprotection will provide compound 2.46. Subjection of 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
38 a) Dai, L.-X.; Lou, B.-I.; Zhang, Y.-Z.; Guo, G.-Z. Tetrahedron Lett. 1986, 27, 4343. b) Colombini, M.; 
Crotti, P.; Di Bussolo, V.; Favero, L.; Gardelli, C.; Macchia, F.; Pineschi, M. Tetrahedron 1995, 51, 8089. 
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39 a) Evans, D. A.; Connell, B. T. J. Am. Chem. Soc. 2002, 125, 10899. b) Gautier, E. C. L.; Graham, A. E.; 
McKillop, A.; Standen, S. P.; Taylor, R. J. K. Tetrahedron Lett. 1997, 28, 1881.!
40 Dhimitruka, L.; SantaLucia, Jr. J. Org. Lett. 2006, 8, 47. 
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2.46 in radical oxidation conditions followed by immediate reduction42 will deliver 1,11-
dihydroxy-4-guaien-3-one. Alternatively, acylation of the tertiary hydroxyl group would 
yield another natural product: 8-deangeloyloxytorilin. 
Scheme 2.34. Proposed Completion of the Syntheses of 8-deangeloyloxytorilin and 1,11-
dihydroxy-4-guaien-3-one 
 
Conclusion 
 With the aim of demonstrating the synthetic utility of the cyclopropanation/acid-
mediated fragmentation strategy, a flexible synthesis of torilin and related guaiane natural 
products is being studied in the Snapper laboratory. We have successfully prepared the 
bicyclo[5.3.0]decane skeleton and used it to complete the synthesis of one of our five 
targets: hydroxycolorenone. Completion of other selected natural products and 
improvements to our synthetic route are currently under investigation. 
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Experimental Section 
General Information 
Proton nuclear magnetic resonance spectra (1H-NMR) were measured on either a 
Varian Gemini-400 (400 MHz), a Varian Gemini-500 (500 MHz) or a Varian Inova-500 
(500 MHz) spectrometer. Chemical shifts are reported in ppm downfield from 
tetramethylsilane with the solvent resonance as the reference (CDCl3: δ 7.26 ppm; C6D6: 
δ 7.16 ppm). Data are reported as follows: chemical shift, integration, multiplicity (s = 
singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet), and coupling 
constants (Hz). Carbon nuclear magnetic resonance spectra (13C-NMR) were recorded on 
either a Varian Gemini-400 (100 MHz), a Varian Gemini-500 (125 MHz) or a Varian 
Inova-500 (125 MHz) spectrometer with complete proton decoupling. Chemical shifts are 
reported in ppm downfield from tetramethylsilane with the solvent resonance as the 
reference (CDCl3: δ 77.23 ppm; C6D6: δ 128.39 ppm). Infrared (IR) spectra were 
recorded on a Mattson Galaxy series FTIR microscope and are reported in wave numbers 
(cm-1). Bands are characterized as broad (br), strong (s), medium (m), or weak (w). High 
resolution mass spectral analyses (HRMS) were performed by Marek Domin, Mass 
Spectrometry Laboratory, at Boston College. Melting points (mp) were obtained with a 
laboratory device Melt-Temp and are reported uncorrected.  
 Starting materials and reagents were purchased from commercial suppliers and 
used without further purification except the following: Dry dichloromethane (CH2Cl2), 
N,N-dimethyl formamide (DMF), hexane, toluene, diethyl ether (Et2O), tetrahydrofuran 
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(THF), and benzene were used from a solvent purification system.43 Hexanes and Et2O 
used in chromatography were distilled before use. Molecular sieves were dried in a 250 
°C oven overnight before use. All oxygen- or moisture-sensitive reactions were carried 
out under N2 atmosphere in oven-dried (140 °C, >4 h) or flame-dried glassware. Air- or 
moisture-sensitive liquids were transferred by syringe or cannula and were introduced 
into the reaction flasks through rubber septa or through a stopcock under N2 positive 
pressure. Degassing refers to a flow of dry N2 (g) bubbling through reaction solvent for 
15 minutes. Unless otherwise stated, reactions were stirred with a Teflon covered stir bar. 
Concentration refers to the removal of solvent using a rotary evaporator followed by use 
of a vacuum pump at approximately 1 torr. Silica gel column chromatography refers to 
flash chromatography44 and was performed using 60 Å (230-400 Mesh ASTM) silica gel 
purchased from Silicycle. Thin layer chromatography was performed on glass back 60 Å 
(250 um thickness) silica gel plates purchased from Silicycle. 
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Experimental Procedure45 
 
(4S,5S,6S)-5-methyl-8-oxotricyclo[4.3.0.01,4]non-2-en-9-yl acetate (2.52). 
 In a 50 mL round-bottom flask, with a stir bar and septum were placed compound 
2.50 (137.9 mg, 0.465 mmol), CH3CN (12.0 mL) and H2O (1.35 mL). At ambient 
temperature Hg(ClO4)2 (560.9 mg, 1.40 mmol) was then added under N2 atmosphere. The 
reaction was allowed to stir for 10 minutes. TLC analysis (Rf of 2.52: 0.35 in 1:1 
hexanes/Et2O) indicated full conversion before saturated aqueous sodium bicarbonate (30 
mL) was added to quench the reaction. The mixture was transferred into a 125 mL 
separation funnel and the aqueous layer was extracted with Et2O (3 × 30 mL). The 
combined organic layers were washed with brine (20 mL) and dried over anhydrous 
magnesium sulfate. Filtration and concentration afforded a yellow oil that was 
immediately purified by silica gel column chromatography (20:1 hexanes/Et2O with a 
gradient to 5:1 hexanes/ Et2O) to afford a mixture of two diastereomers 2.52 (61.1 mg, 
0.296 mmol, 64% yield) as a colorless oil.  
(4S,5S,6S,9R)-5-methyl-8-oxotricyclo[4.3.0.01,4]non-2-en-9-yl acetate (2.25α) (α-
isomer of 2.25): 1H-NMR (500 MHz, CDCl3): δ 6.32 (1H, t, J = 2.0 Hz), 6.29 (1H, d, J = 
2.5 Hz), 5.62 (1H, d, J = 2.5 Hz), 3.27 (1H, d, J = 8.0 Hz), 2.85 (1H, m), 2.36 (1H, d, J = 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
45 See more characterizations and supporting information of the synthetic intermediates: New Application 
of Cyclobutadiene Cycloadditions: Diversity and Target Oriented Synthesis, Marineau, J. J. Ph.D. 
dissertation, Department of Chemistry, Boston College, 2010. 
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18.0 Hz), 2.29 (1H, dd, J = 4.0, 9.5 Hz), 2.14 (3H, s), 2.00 (1H, m), 1.03 (3H, d, J = 7.5 
Hz); 13C-NMR (125 MHz, CDCl3): δ 210.7, 170.7, 139.6, 138.5, 75.4, 53.5, 43.6, 41.9, 
37.9, 35.6, 20.9, 17.4; IR (KBr thin film, CH2Cl2 solution): 3060 (s), 3028 (s), 2932 (s), 
1748 (m), 1492 (w), 1451 (m), 1384 (m), 1233 (m), 1036 (w), 743 (m), 527 (m) cm-1; 
DART-HRMS (m/z): Calc’d for [M+H]+ (C12H15O3): 207.1021; Found: 207.1026. 
 
(4'S,5'S,6'S)-5'-methylspiro[[1,3]dioxolane-2,8'-tricyclo[4.3.0.01,4]non[2]en]-9'-yl 
acetate (2.51).  
 In a 25 mL round bottom flask fitted with a reflux condenser, a stir bar and 
septum were placed compound 2.50 (40.1 mg, 0.135 mmol), CH3CN (2.20 mL) and 
ethylene glycol (0.54 mL). This flask was immerged into a preheated oil bath at 40 ºC. 
Hg(ClO4)2 (135.1 mg, 0.338 mmol) then was added under N2 atmosphere. The reaction 
was allowed to stir for 10 minutes. Saturated aqueous sodium bicarbonate (5 mL) was 
immediately added to quench the reaction. The mixture was allowed to cool to room 
temperature and transferred into a 50 mL separation funnel and the aqueous layer was 
extracted with Et2O (3 × 10 mL). The combined organic layers were washed with brine 
(10 mL) and dried over anhydrous magnesium sulfate. Filtration and concentration 
afforded a yellow oil that was immediately purified by silica gel column chromatography 
(Rf of 2.51: 0.71 in 1:1 hexanes/EtOAc, 20:1 hexanes/Et2O with a gradient to 1:1 
hexanes/ Et2O) to afford a mixture of two diastereomers 2.51 (14.2 mg, 0.0567 mmol, α:β 
= 1.4:1, 45% yield brsm, 93% conversion) as a colorless oil.  
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(4'S,5'S,6'S,9'S)-5'-methylspiro[[1,3]dioxolane-2,8'-tricyclo[4.3.0.01,4]non[2]en]-9'-
yl acetate (2.51β) (β-isomer of 2.51): 1H-NMR (500 MHz, CDCl3): δ 6.28 (1H, m), 6.26 
(1H, d, J = 2.5 Hz), 4.74 (1H, s), 4.01-4.03 (2H, m), 3.85-3.88 (2H, m), 3.18 (1H, d, J = 
7.5 Hz), 2.32 (1H, dd, J = 9.5, 14.0 Hz), 2.22-2.25 (1H, m), 2.09 (3H, s), 1.97 (1H, dd, J 
= 5.0, 9.5 Hz), 1.81 (1H, d, J = 14.5 Hz), 0.96 (3H, d, J = 7.5 Hz); 13C-NMR (125 MHz, 
CDCl3): δ 170.7, 139.1, 137.9, 117.8, 75.7, 65.5, 65.1, 56.4, 46.5, 41.6, 39.3, 32.7, 21.4, 
17.6.  
 
(2'S,3'S,4'R,5'R,6'S,7'S,10'S)-ethyl 10'-acetoxy-6'-methylspiro[[1,3]dioxolane-2,9'- 
tetracyclo[5.3.0.01,5.02,4]decane]-3'-carboxylate (2.71β). 
 A 25 mL 2-neck round bottom flask was fitted with a reflux condenser and 
septum. The flask was charged with compound 2.51β (178.2 mg, 0.712 mmol), copper (II) 
acetylacetonate (18.6 mg, 0.0712 mmol) and dichloromethane (7.1 mL). The reaction was 
allowed to stir and heated to reflux under a nitrogen atmosphere. Ethyl diazoacetate (0.84 
mL, 7.1 mmol) was added to the refluxing solution via syringe pump over 12 hours. TLC 
analysis (Rf of 2.71β: 0.36 in 1:1 hexanes/Et2O) indicated full conversion before 
saturated aqueous ammonium chloride (5 mL) was added to quench the reaction. The 
mixture was transferred into a 50 mL separation funnel and the aqueous layer was 
extracted with dichloromethane (3 × 10 mL). The combined organic layers were washed 
with brine (10 mL) and dried over anhydrous magnesium sulfate. Filtration and 
concentration afforded a yellow oil that was immediately purified by silica gel column 
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chromatography (20:1 hexanes/Et2O with a gradient to 2:1 hexanes/Et2O) to afford 2.71β 
as a colorless oil with a small amount of inseparable impurity. 1H-NMR (500 MHz, 
CDCl3): δ 4.49 (1H, s), 4.06-4.11 (2H, m), 3.94-3.97 (2H, m), 3.80-3.86 (2H, m), 2.43-
2.47 (1H, m), 2.39 (1H, dd, J = 3.0, 7.5 Hz), 2.22-2.30 (2H, m), 2.18 (1H, d, J = 4.0 Hz), 
2.14 (1H, dt, J = 1.0, 3.5 Hz), 2.07 (3H, s), 1.68 (2H, d, J = 13.5 Hz), 1.25 (3H, t, J = 7.5 
Hz), 1.18 (3H, d, J = 7.0 Hz); 13C-NMR (125 MHz, CDCl3): δ 173.0, 170.6, 117.4, 73.0, 
65.4, 65.1, 60.6, 50.9, 42.9, 42.5, 39.7, 33.9, 27.8, 26.1, 23.5, 21.3, 17.0, 14.4; IR (KBr 
thin film, CH2Cl2 solution): 3026 (m), 2958 (w), 1727 (s), 1383 (w), 1237 (m), 1175 (w), 
1153 (w), 1037 (m), 753 (s), 699 (s), 542 (s) cm-1; DART-HRMS (m/z): Calc’d for 
[M+H]+ (C18H25O6): 337.1651; Found: 337.1646. 
(2'S,3'S,4'R,5'R,6'S,7'S,10'S)-3'-(2-hydroxypropan-2-yl)-6'-
methylspiro[[1,3]dioxolane-2,9'-tetracyclo[5.3.0.01,5.02,4]decan]-10'-ol (2.41β). 
 To a solution of compound 2.71β (220.3 mg, 0.655 mmol) and TMEDA (0.98 
mL, 6.6 mmol) in THF (13.1 mL) under N2 atmosphere at 0 ºC was added MeLi (6.55 
mmol, 1.6 M in Et2O) dropwise via a gas-tight syringe. The resulting pale yellow solution 
was allowed to stir at this temperature for another 1 hour before carefully adding 
saturated aqueous ammonium chloride to quench the reaction. The mixture was 
transferred into a 125 mL separation funnel and the aqueous layer was extracted with 
Et2O (3 × 50 mL). The combined organic layers were washed with brine (30 mL) and 
dried over anhydrous magnesium sulfate. Filtration and concentration afforded a yellow 
oil that was immediately purified by silica gel column chromatography (Rf of 2.41β: 0.25 
in 1:4 hexanes/EtOAc, 1:3 hexanes/EtOAc) to afford compound 2.41β (122.6 mg, 0.437 
mmol, 90% yield over two steps) as a pale yellow oil. 1H-NMR (500 MHz, CDCl3): δ 
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3.98-4.01 (1H, m), 3.89-3.95 (2H, m), 3.83-3.85 (1H, m), 3.29 (1H, s), 2.35-2.39 (1H, m), 
2.31 (1H, dd, J = 9.5, 14.0 Hz), 2.25 (1H, dd J = 3.0, 7.5 Hz), 2.17 (1H, dd, J = 5.5, 9.5 
Hz), 2.07 (1H, s), 1.78 (1H, t, J = 3.0 Hz), 1.64 (1H, s), 1.63 (1H, d, J = 18.0 Hz), 1.27 
(3H, s), 1.16 (3H, d, J = 7.5 Hz), 1.07 (3H, s); 13C-NMR (125 MHz, CDCl3): δ 118.8, 
72.7, 70.1, 65.4, 64.7, 51.7, 43.5, 41.9, 39.3, 35.1, 34.7, 29.8, 27.3, 21.6, 17.2, 16.6; IR 
(KBr thin film, CH2Cl2 solution): 3427 (br), 3352 (br), 2958 (s), 2898 (s), 1384 (m), 1115 
(m), 770 (s), 737 (s), 688 (m) cm-1; DART-HRMS (m/z): Calc’d for [M+H-H2O]+ 
(C16H23O3): 263.1647; Found: 263.1655. 
 
(2'S,3'S,4'R,5'R,6'S,7'S)-3'-(2-hydroxypropan-2-yl)-6'-methylspiro[[1,3]dioxolane-
2,9'-tetracyclo[5.3.0.01,5.02,4]decan]-10'-one (2.72). 
 To a solution of compound 2.41 (30.6 mg, 0.109 mmol) and 4 Å molecular sieves 
(54.5 mg) in dichloromethane (2.2 mL) under N2 atmosphere at 0 ºC was added tetra-n-
propylammonium perruthenate (TPAP) (38.4 mg, 0. 109 mmol). The solution was 
allowed to stir at the same temperature for 40 minutes until TLC analysis (Rf of 2.72: 
0.65 in 1:4 hexanes/EtOAc) indicated complete consumption of 2.41. The reaction 
mixture was quickly filtered through a silica gel plug with Et2O. Filtration and 
concentration afforded a yellow oil that was immediately used in the subsequent 
rearrangement without further purification.  
Crude reaction mixture of compound 2.72 (with about 10% inseparable mixture of 
2.40 and 2.73): 1H-NMR (500 MHz, CDCl3): δ 4.21 (1H, m), 3.97-4.05 (3H, m), 2.72 
H Me
HO
H
O O
Me
HO
Me
H Me
O
H
O O
Me
HO
MeTPAP, CH2Cl2
0 °C, 40 min
2.41 2.72

!
(1H, dd, J = 1.5, 6.0 Hz), 2.67 (1H, m), 2.41 (1H, dd, J = 9.5, 15.0 Hz), 2.25 (1H, m), 
2.16 (2H, t, J = 0.5 Hz), 1.99 (1H, dd, J = 1.5, 15.0 Hz), 1.80 (1H, d, J = 4.5 Hz), 1.75 
(1H, m), 1.64 (1H, br), 1.43 (1H, d, J = 5.0 Hz), 1.30 (3H, s), 1.39 (3H, s). 
 
 In a 50 mL round bottom flask with a stir bar and septum was placed TsOH!H2O 
(24.9 mg, 0.131 mmol) and dichloromethane (5.0 mL) under N2 atmosphere. At -78 ºC a 
solution of compound 2.72 in dichloromethane (0.50 mL) was added dropwise. The 
solution was allowed to stir at the same temperature for another 1 hour before adding 
saturated aqueous sodium bicarbonate to quench the reaction. The mixture was 
transferred into a 50 mL separation funnel and the aqueous layer was extracted with 
dichloromethane (3 × 20 mL). The combined organic layers were washed with brine (15 
mL) and dried over anhydrous magnesium sulfate. Filtration and concentration afforded a 
yellow oil. The yellow oil was resubjected to the same reaction procedure until 1H NMR 
indicated full consumption of starting material 2.72. The reaction crude was immediately 
used in the subsequent methylation without further purification.  
(3aS,4R,7S)-7-(2-hydroxypropan-2-yl)-4-methyl-3,3a,4,7-tetrahydro-1H-
spiro[azulene-2,2'-[1,3]dioxolan]-1-one (2.40): 1H-NMR (500 MHz, CDCl3): δ 7.08 
(1H, s), 5.90 (1H, ddd, J = 2.0, 7.5, 12.0 Hz), 5.59 (1H, dd, J = 4.0, 12.5 Hz), 4.37 (1H, 
m), 4.07-4.15 (3H, m), 3.34 (1H, m), 3.29 (1H, br), 2.59 (1H, dd, J = 6.5, 11.5 Hz), 2.15 
(1H, dd, J = 8.5, 14.0 Hz), 1.91 (1H, dd, J = 9.5, 14.0 Hz), 1.31 (3H, s), 1.28 (3H, s), 0.98 
(3H, d, J = 7.0 Hz). 
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 In a 250 mL round bottom flask with a stir bar and septum was placed anhydrous 
CeCl3 (806.6 mg, 3.27 mmol) and THF (35.0 mL) under N2 atmosphere at ambient 
temperature. The solution was allowed to stir for 12 hours. After cooling to -78 ºC, MeLi 
(2.0 mL, 1.6 M in Et2O) was added dropwise via a gas-tight syringe. The reaction 
mixture was allowed to stir at -78 ºC for another 10 minutes before warming to 0 ºC and 
stirring for another 10 minutes. Then the pale yellow reaction mixture was again cooled 
to -78 ºC. A solution of 2.40 and 2.73 mixture in toluene (35.0 mL) was added via 
cannula transfer at the same temperature. The reaction was allowed to stir for 10 minutes. 
TLC analysis indicated full consumption of 2.40 before saturated aqueous ammonium 
chloride (30 mL) was added to quench the reaction. The mixture was transferred into a 
250 mL separation funnel and the aqueous layer was extracted with Et2O (3 × 50 mL). 
The combined organic layers were washed with brine (50 mL) and dried over anhydrous 
magnesium sulfate. Filtration and concentration afforded a yellow oil that was 
immediately purified by silica gel column chromatography (10:1 hexanes/EtOAc with a 
gradient to 1:3 hexanes/EtOAc) to afford a mixture of two diastereomers 2.97-1 and 2.97-
2 (24.2 mg, 0.082 mmol, 1:1 ratio, 47% yield over 3 steps) as a colorless oil.  
Compound 2.97-1 (One C5-epimer of 2.97 with unclear stereochemistry): 1H-NMR 
(500 MHz, CDCl3): δ 5.94 (1H, s), 5.79 (1H, ddd, J = 2.0, 7.0, 11.5 Hz), 5.58 (1H, dd, J 
= 4.0, 11.5 Hz), 3.95-4.04 (4H, m), 3.15 (1H, s), 3.08 (1H, m), 2.47 (1H, m), 1.93 (1H, dd, 
J = 9.5, 13.5 Hz), 1.83 (1H, dd, J = 8.5, 13.5 Hz), 1.57 (1H, m), 1.27 (3H, s), 1.24 (3H, s), 
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1.01 (3H, d, J = 7.5 Hz), 0.85 (3H, d, J = 6.5 Hz); 13C-NMR (125 MHz, CDCl3): δ 147.1, 
136.4, 127.9, 122.3, 115.5, 80.3, 73.7, 65.7, 65.7, 51.5, 40.3, 36.0, 35.6, 28.1, 27.6, 21.8, 
16.7; DART-HRMS (m/z): Calc’d for [M+H-H2O]+ (C17H25O3): 277.1804; Found: 
277.1805. 
Compound 2.97-2 (The other C5-epimer of 2.97 with unclear stereochemistry): 1H-
NMR (500 MHz, CDCl3): δ 5.97 (1H, q, J = 2.5 Hz), 5.86 (1H, ddd, J = 2.0, 7.5, 12.5 
Hz), 5.53 (1H, dq, J = 2.0, 12.5 Hz), 3.93-4.08 (4H, m), 3.20-3.25 (1H, m), 3.10 (1H, br), 
2.31-2.34 (1H, m), 2.28 (1H, br), 1.77 (2H, dd, J = 8.5, 11.5 Hz), 1.30 (3H, s), 1.25 (6H, 
s), 0.96 (3H, d, J = 7.0 Hz); 13C-NMR (125 MHz, CDCl3): δ 148.6, 136.7, 126.7, 122.9, 
115.8, 80.0, 74.1, 66.1, 65.5, 52.3, 40.5, 35.2, 34.4, 27.9, 27.6, 24.1, 16.1. 
!
 To a solution of compound 2.97 (2.4 mg, 0.0082 mmol) in THF (1.63 mL) under 
N2 atmosphere at 0 ºC was added 30% aqueous HCl (0.163 mL). The resulting bright 
yellow solution was allowed to stir at 0 ºC for 15 minutes before warming to room 
temperature for overnight. TLC analysis (Rf of a mixture of 2.99 and 2.100: 0.27 in 1:4 
hexanes/EtOAc) indicated full conversion before saturated aqueous sodium bicarbonate 
was added to quench the reaction. The mixture was extracted with Et2O (3 × 5 mL). The 
combined organic layers were dried over magnesium sulfate. Filtration and concentration 
afforded a yellow oil that was immediately purified by silica gel column chromatography 
(2:1 hexanes/EtOAc) to afford a mixture of two diastereomers 2.99 and 2.100 as a 
colorless oil.  
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Compound 2.99: 1H-NMR (500 MHz, CDCl3): δ 5.73 (2H, m), 3.95 (1H, d, J = 3.0 Hz), 
3.47 (1H, br), 3.18 (1H, d, J = 15.0 Hz), 2.85 (1H, m), 2.58 (1H, dd, J = 2.5, 12.0 Hz), 
2.34 (1H, m), 1.78 (3H, t, J = 2.0 Hz), 1.31 (3H, s), 1.25 (3H, s), 0.88 (3H, d, J = 7.0 Hz); 
DART-HRMS (m/z): Calc’d for [M+H-H2O]+ (C15H21O2): 233.1542; Found: 233.1550.!
!
 To a solution of a mixture of 2.99 and 2.100 in THF (0.45 mL) under N2 
atmosphere at room temperature was added t-butanol (4 µl, 0.04 mmol) and freshly made 
SmI2 in THF solution46 until the blue color last for 15 minutes. Saturated aqueous sodium 
bicarbonate was added to quench the reaction. The mixture was extracted with Et2O (3 × 
5 mL). The combined organic layers were dried over anhydrous magnesium sulfate. 
Filtration and concentration afforded a yellow oil that was immediately purified by silica 
gel column chromatography (Rf of 2.108: 0.47 in 1:4 hexanes/EtOAc, 2:1 
hexanes/EtOAc with a gradient to 1:2 hexanes/EtOAc) to afford a mixture of two 
diastereomers 2.108 (1.8 mg, 0.0077 mmol, 94% yield over 2 steps) as a colorless oil.  
(5R,8R,8aR)-5-(2-hydroxypropan-2-yl)-3,8-dimethyl-4,5,8,8a-tetrahydroazulen-
2(1H)-one (2.108α) (α-isomer of 2.108): 1H-NMR (500 MHz, CDCl3): δ 5.69 (2H, m), 
3.50 (1H, m), 3.13 (1H, d, J = 17.0 Hz), 2.66 (1H, td, J = 2.0, 12.0 Hz), 2.58 (1H, m), 
2.52 (1H, dd, J = 6.5, 19.0 Hz), 2.31 (1H, dd, J = 12.0, 17.5 Hz), 2.07 (1H, qd, J = 1.0, 
18.5 Hz), 1.71 (3H, t, J = 1.5 Hz), 1.31 (3H, s), 1.26 (3H, s), 0.77 (3H, d, J = 7.0 Hz).!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
46 Szostak, M.; Spain, M.; Procter, D. J. J. Org. Chem. 2012, 77, 3049. 
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!!
hydroxycolorenone. 
 To a solution of compound 2.108 (0.9 mg, 0.004 mmol) in EtOAc (0.40 mL) 
under H2 atmosphere at room temperature was added 10% Pd/C (0.9 mg). The solution 
was allowed to stir under H2 atmosphere for 6 hours before filtering through a silica gel 
plug with Et2O. Filtration and concentration afforded a colorless oil that was immediately 
purified by silica gel column chromatography (Rf of hydroxycolorenone: 0.29 in 1:4 
hexanes/EtOAc, 2:1 hexanes/EtOAc with a gradient to 1:2 hexanes/EtOAc) to afford 
hydroxycolorenone (0.3 mg, 0.001 mmol, 30% yield) as a colorless oil with a small 
amount of inseparable grease and unidentified impurity. 1H-NMR (500 MHz, CDCl3):47 
δ 3.10 (1H, br), 3.05 (1H, brd, J = 12.5 Hz), 2.56 (1H, ddd, J = 1.0, 6.5, 18.5 Hz), 2.19 
(1H, m), 2.13 (1H, m), 2.04 (1H, d, J = 18.0 Hz), 1.92 (1H, dm, J = 14.5 Hz), 1.86 (1H, 
dm, J = 14.0 Hz), 1.70 (2H, m), 1.68 (3H, d, J = 1.5 Hz), 1.27 (3H, s), 1.23 (3H, s), 0.63 
(3H, d, J = 7.0 Hz); DART-HRMS (m/z): Calc’d for [M+H]+ (C15H25O2): 237.1855; 
Found: 237.1846. 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
47 Due to the presence of a minimum amount of grease and unidentified impurity, 1H-NMR signals of two 
protons are missing and highly possible covered by the relatively stronger signals of grease and 
unidentified impurity.  
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Chapter 3 
Thermal Rearrangement of Cyclobutadiene 
Cycloadducts: A Novel Approach to 5-7-5(6) Ring 
Systems 
Introduction 
Figure 3.1. Natural products containing 5-7-5(6) ring systems
 
There are numerous biologically important natural products sharing the 5-7-5(6) 
tricyclic core structure, as evidenced by the selection shown in Figure 3.1. For example, 
the highly oxygenated natural product phorbol, a member of the tigliane family of 
diterpenes, was first isolated in 1934 as the hydrolysis product of croton oil, which was 
derived from the seeds of Croton tiglium. The phorbol esters have important biological 
properties; the most notable of which is their tumor promoting activity. They can mimic 
the action of diacylglycerol to activate protein kinase C, which regulates different signal 

!
!
transduction pathways and other cellular metabolic activities.1 In order to establish a 
structural basis for all the bioactivity studies, scientists have made significant efforts into 
the corresponding total syntheses of phorbol esters.2  
Construction of Tricyclic Ring System 
The construction of tricyclic 5-7-5(6) ring systems has been accomplished 
through numerous approaches. In terms of the ring forming sequence, most of these 
strategies can be generally divided into five categories shown in Figure 3.2. In addition to 
this, ring fragmentation pathway makes an important contribution as well. For each 
category of tricyclic ring construction, a few examples are discussed below. 
Figure 3.2. Formation of Tricyclic Ring Systems 
!
Type I Strategy!
Type I strategy is developed upon fused bicyclic ring precursors.3 The formation 
of the third ring is achieved by ring closure or annulation of side chains to the central ring.   
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
1!For a general review see:!Goel, G.; Makkar H. P. S.; Francis, G; Becker, K. Int. J. Toxicol. 2007, 26, 279.!
2 A few selected examples: a) Wender, P. A.; Lee, H. Y.; Wilhelm, R. S.; Williams, P. D. J . Am. Chem. 
Soc. 1989, 111, 8954. b) Wender, P. A.; McDonald, F. E. J. Am. Chem. Soc. 1990, 112, 4956. c) Shigeno, 
K.; Sasai, H.; Shibasaki, M. Tetrahedron Lett. 1992, 33, 4937. d) Tokuno, R.; Tomiyama, H.;  Sodeoka, M.; 
Shibasaki, M. Tetrahedron Lett. 1996, 37, 2449.  
3!For a general review of bicyclic ring system formation see: Cyclopropanation/Isomerization Strategies 
Toward the Synthesis of Bicyclo[5.3.0]decanse (5-7 Ring Systems) and Application in Total Synthesis, 
Deak, H. L. Ph.D. dissertation, Department of Chemistry, Boston College, 2004. 

!
!
Scheme 3.1. Skeleton Construction of Natural Product Guanacastepene C!
!
Knoevenagel cyclization is a useful methodology for C-C bond formation. It 
served as a key step to annulate the six-membered ring on bicyclic hydroazulene 
precursor 3.3 in the study toward total the synthesis of guanacastepene C, reported by 
Mehta’s research group4 (Scheme 3.1). 
Scheme 3.2. Synthetic Studies Directed Toward Guianolides
!
In the synthetic studies toward guianolides (Scheme 3.2), Donaldson group 
reported an oxidative rearrangement of epoxyl alcohol 3.5 to a lactone in the presence of 
catalytic amount TPAP to furnish the tricyclic ring skeleton in 49% yield for the three 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
4!Mehtn, G.; Pallavi, K.; Umarye, J. D. Chem. Commun. 2005, 4456. 
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transformations completed in one pot.5 The relative configuration of 3.8 was established 
unambiguously by single crystal X-ray diffraction. 
Type II Strategy 
Type II strategy is an intramolecular ring closure between two side rings to 
generate the central ring. A variety of general methods for the synthesis of seven-
membered ring are applied here. 
Scheme 3.3. Ring Closing Metathesis in Synthesis of Tricyclic Ring Systems 
!
Reiser’s laboratory described a systematic study of a ring-closing metathesis 
towards a tetrasubstituted double bond as part of a seven-membered ring in a 5-7-5 
tricyclic guaianolide system.6 After several screening experiments with commercially 
available ruthenium (II)-alkylidene complexes, Grubbs’ second generation catalyst was 
found to give the best results. However, only up to 35% yield can be obtained under 
regular ring-closing metathesis conditions. To achieve high-yielding ring-closing 
metathesis, two techniques were used: sparging an inert gas through the solution in order 
to remove the evolving ethylene, as well as dielectric heating via microwave irradiation.  
With these modifications, the yield of compound 3.11 was successfully enhanced to 98%. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
5 Gone, J. R.; Wallock, N. J.; Lindeman, S.; Donaldson, W. A. Tetrahedron Lett. 2009, 50, 1023. 
6!Nosse, B.; Schall, A.; Jeong, W.; Reiser, O.  Adv. Synth. Catal. 2005, 347, 1869.  
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Scheme 3.4. 7-Endo Heck Cyclization in the Total Synthesis of (+)-Guanacastepene N!
!
 
 Overman’s group reported a convergent and enantioselective total synthesis of 
(+)-guanacastepene N featuring a regioselective 7-endo Heck cyclization as the key step 
to afford the tricyclic skeleton.7 The transformation required proper orbital alignment 
between the C-Pd σ bond and the alkene π bond. As illustrated in Scheme 3.4, in the 6-
exo approach, the methyl substituent on the cyclohexene will interact with the five-
membered ring, which is sterically unfavorable.  Therefore, the cyclization favors the less 
hindered 7-endo closure to generate compound 3.13 in 75% yield. 
Scheme 3.5. Reductive Ring-Closure for the Construction of Tricyclic Ring Systems!
 
An efficient route toward the 5-7-6 core of guanacatepene A was reported by the 
Lee group.8 To install the desired stereochemistry at C8 position, a hypothesis was 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
7 Iimura, S.; Overman, L. E.; Paulini, R.; Zakarian, A. J. Am. Chem. Soc. 2006, 128, 13095. 
8 a) Nguyen, T. M.; Seifert, R. J.; Mowrey, D. R.; Lee, D. Org. Lett. 2002, 4, 3959. b) Nguyen, T. M.; Lee, 
D. Tetrahedron Lett. 1998, 43, 4033. 
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proposed that the diastereotopic C3-C4 and C6-C7 double bonds in compound 3.14 could 
be differentiated during the SmI2-mediated reductive cyclization and thus the tricycle 
3.15 can be obtained with the desired trans stereochemical relationship between the two 
annulated methyl groups (Scheme 3.5). This strategy was demonstrated effectively by the 
formation of product 3.15 in a yield of 70%, structure of which was unambiguously 
assigned by spectroscopic and X-ray crystallographic analysis. 
Scheme 3.6.  A Tandem Anionic 5-exo-dig Cyclization/Claisen Rearrangement in the 
Construction of Tigilane Ring Systems 
 
Ovaska and co-workers reported a cascade reaction,9 using a tandem 5-exo-dig 
anionic cyclization/Claisen reaarangement sequence as a convenient and highly 
stereoselective route to the tigilane core skeleton shown in Scheme 3.6. Compound 3.17 
was afforded as the sole diastereomer in 76% isolated yield, stereochemistry of which 
was confirmed by 1D-NOESY experiment. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
9!a)!Ovaska, T. V.; Reisman, S. E.; Flynn, M. A. Org. Lett. 2001, 3, 115. b) Ovaska, T. V.; Roark, J. L.; 
Shoemaker, C. M.; Bordner, J. Tetrahedron Lett. 1998, 39, 5705.!
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Scheme 3.7. Application of Ring Opening-Ring Closing Metathesis in the Construction 
of Caribenol A Core Structure
 
Domino metathesis involving ring opening-ring closing metathesis (RO-RCM) of 
strained cycloalkenes has emerged as a powerful tool in the synthesis of a variety of 
polycyclic ring systems. Ghosh’s group demonstrated its utility in a convergent 
asymmetric route to caribenol A.10 As shown in Scheme 3.7, treatment of norbornene 
derivative 3.20 in dichloromethane with 5% Grubbs’ first generation catalyst under 
ethylene atmosphere at room temperature for six hours provided the ring opening product 
3.21 quantitatively. Reaction of 3.21 with the same catalyst for a longer period of time at 
elevated temperature failed to give the ring closing metathesis product. An attempt with 
Grubbs’ second generation catalyst also failed, generating exclusively a dimeric product. 
Finally, the ring closing metathesis was accomplished by Hoveyda-Grubbs’ second 
generation catalyst with the formation of desired product 3.22 in 45% yield. 
Type III Strategy 
The concept of type III strategy is similar to that of type I. Based on one existing 
ring, two extra ring systems are built up efficiently through simple transformations. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
10!Mondal, S.; Yadav, R. N.; Ghosh, S. Tetrahedron Lett. 2009, 50, 5277.!
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Scheme 3.8. Application of Cyclopropanation/Cope Rearrangement Sequence in the 
Construction of Tricyclic Ring Systems!
 
The [3+4] annulation between vinylcarbenoids and dienes is a very general 
process for the synthesis of seven-membered rings. Both inter- and intramolecular 
versions of this reaction are well known, and the reaction can be applied to a vast array of 
cyclic and acyclic dienes. The annulation is a two-step process: cyclopropanation of the 
diene with a carbenoid specie to generate a divinylcyclopropane intermediate, followed 
by a Cope rearrangement to deliver the seven-membered ring. As the Cope 
rearrangement of divinylcyclopropane proceeds through a boat transition state, this 
annulation occurs in a stereospecific manner. As illustrated in Scheme 3.8, the Davies 
group11 demonstrated its synthetic utility by a short synthesis of 5-epi-tremulenolide 3.25 
in 93% ee and 67% overall yield. Rh2(R-DOSP)4-catalyzed intramolecular 
cyclopropanation of diazo compound 3.23 resulted in the formation of the expected 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
11!Davies, H. M. L.; Doan, B. D. J. Org. Chem. 1999, 64, 8501.!
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trans-divinylcyclopropane 3.24, which was stable under ambient conditions. Upon heat 
activation, 3.24 was observed to undergo smooth rearrangement to afford compound 3.25, 
presumably through conversion to a cis-divinylcyclopropane 3.24a via diradical 
intermediate 3.24b. 
Scheme 3.9. Application of Intramolecular Diels-Alder Reaction in the Total Synthesis 
of C8-epi-Guanacastepene O 
!  
Diels-Alder reaction is a powerful tool to generate six-membered ring containing 
systems. In the total synthesis of C8-epi-guanacastepene O, the Yang group12 applied an 
intramolecular Diels-Alder reaction between the alkyne and diene in 3.26 to form the 
desired product 3.27 with cis-annulated methyl groups in 75% yield (Scheme 3.9). 
 
 
 
 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
12!Li, C.; Wang, C.; Liang, B.; Zhang, X.; Deng, L.; Liang, S.; Chen, J.; Wu, Y.; Yang, Z. J. Org. Chem. 
2006, 71, 6892.!
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Scheme 3.10. Application of Rhodium (I)-Catalyzed Hydroacylation/Cycloisomerization 
Cascade Reaction to the Construction of the Tricyclic Core of Guanacastepenes!
!!
Cyclization of unsaturated polyolefinic precursors is a rapid and selective way to 
prepare polycyclic ring systems. Transition-metal catalysis has substantially increased the 
substrate scope of this transformation. Sato and coworkers recently reported a novel 
rhodium(I)-catalyzed cascade reaction involving the hydroacylation of 4,6-dienal 3.28 
followed by cycloisomerization of the resulting intermediate 3.34, affording tricyclic ring 
system 3.30.13 Illustrated in Scheme 3.10, this transformation undergoes two competing 
pathways to generate two products bicycle 3.29 and tricycle 3.30. The ratio is substrate-
dependent. It is proposed that the rhodium(I) catalyst first oxidatively adds to the 
aldehyde C-H bond, followed by Rh-H bond addition across the proximal 1,3 diene. 1,2-
Addition provides six-membered rhodacycle intermediate 3.32 form which isomerization 
affords eight-membered intermediate 3.33. The subsequent reductive elimination of 3.32 
delivers directly one of the isolated products 3.29. Alternatively, intermediate 3.34 is 
formed through the reductive elimination of 3.33. In the presence of rhodium(I) catalyst, 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
13!Oonishi, Y.; Taniuchi, A.; Sato, Y. Synthesis 2010, 17, 2884.!
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!
3.34 undergoes cycloisomerization to afford product 3.30 via formation of a 
metallocyclopentane intermediate 3.35. 
Scheme 3.11. Rhodium(I)-Catalyzed Cyclocarbonylation for the Syntheses of Angularly 
and Linearly Fused 5-7-6 Ring Systems!
 
In a related fashion, the Brummond group studied rhodium(I)-catalyzed 
cyclocarbonylation reactions of allene-yne systems and demonstrated their synthetic 
utility for the construction of highly functionalized tricyclic 5-7-6 rings14 (Scheme 3.11).  
These transformations featured the Pauson-Khand type reaction. The rhodium(I) 
catalyzed [2+2+1] cycloadditions of alkynes, distal double bond of allenes and carbon 
monoxide to form cyclopentenones, generates the 5-7-6 ring system. 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
14!Brummond, K. M.; Chen, D.; Davis, M. M. J. Org. Chem. 2008, 73, 5064.!
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!
 
Scheme 3.12. Ruthenium-Catalyzed Intrmolecular [5+2] Cycloadditions in the 
Construction of Tricyclic Ring Systems 
!
Inspired by Rh-catalyzed [5+2] cycloadditions of cyclopropyl enynes pioneered 
by the Wender group, Prof. Trost and coworkers developed a Ru-catalyzed 
intramolecular [5+2] cycloadditions of cyclopropyl enynes15  (Scheme 3.12). As an 
example, the tricyclic compound 3.45 is generated with 93% yield and very high 
diastereoselectivity.  The mechanism involves a metallocyclopentene intermediate 3.46, 
followed by ring expansion to a metallocyclooctadiene 3.47. Subsequent reductive 
elimination affords the desired product 3.45. The agnostic interaction between the 
ruthenium metal center and the β C-H bond in compound 3.46 accounts for the excellent 
diastereoselectivity. 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
15!Trost, B. M.; Shen, H. C.; Horne, D. B.; Toste, F. D.; Steinmetz, B. G.; Koradin, C. Chem. Eur. J. 2005, 
11, 2577.!
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Type IV Strategy 
 Type IV represents one of the most ideal ring formation strategies. It builds up 
molecular complexity efficiently from more readily available acyclic starting materials. 
Transition-metal catalyzed cyclization again plays a significant role in this category. One 
example is shown in Scheme 3.13. The Ojima group developed a silicon-initiated 
[2+2+2+1] cycloaddition of enediynes through the use of rhodium catalyst.16 And in 
general, these reactions are under mild conditions to deliver tricyclic ring systems in 
moderate to excellent yields. The most plausible mechanism for this transformation 
involves a hydrosilane-Rh oxidative adduct as the reactive catalyst. The process begins 
with terminal alkyne insertion into the Si-Rh bond. The subsequent carbocyclization then 
gives the cis-dienyl intermediate 3.50 with strong steric repulsion between the vinylsilane 
and the vinyl-Rh moiety. Isomerization through “Ojima-Crabtree mechanism” 17 
generates the trans-dienyl compound 3.52. Subsequent carbocyclization affords 3.53, 
followed by CO insertion into Rh-C bond to form 3.54. A third carbocyclization and then 
elimination lead to the desired tricyclic ring 3.49. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
16!Bennacer, B.; Fujiwara, M.; Lee, S.; Ojima, I. J. Am. Chem. Soc. 2005, 127, 17756.!
17!a) Ojima, I.; Clos, N.; Donovan, R. J.; Ingallina, P. Organometallics 1990, 9, 3127. b) Tanke, R.; 
Crabtree, R. H. J. Am. Chem. Soc. 1990, 112, 7984.!

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Scheme 3.13. Rhodium-Catalyzed Intramolecular [2+2+2+1] Cyclizations in the 
Construction of Tricyclic 5-7-5 Ring Systems!
!
Other Type Strategy  
 The preparation of tricyclic ring systems can also be achieved by other types of 
ring forming strategies. Fragmentation of strained ring systems is one of the most 
significant and widely used examples. Recently, in the study of tigliane-daphnane 
skeleton synthesis, the West group developed a novel ring forming method through 
oxonium ylide [1,2]-shift,18 shown in Scheme 3.14. Both high yield and stereoselectivity 
were achieved in this transformation. 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
18 Robert, C. S.; McDonald, R.; West, F. G. Org. Lett. 2011, 13, 720. 
E
E
E
E E=CO2Et
Rh(acac)(CO)2
O
E
E
E
E
PhMe2SiH, THF
CO, rt
92%
R3Si[Rh]H
SiR3
Rh
E
E E E
H
SiR3
Rh
E
E E E
H
Rh
E
E E E
H
R3Si
E
E
E
E
R3Si Rh H
E
E
E
E
R3Si O
Rh
H
CO
O
E
E
E
E
R3H2Si
HRh
3.48 3.49
3.50
3.51
3.52 3.53 3.54
3.55

!
!
Scheme 3.14. Application of Oxonium Ylide [1,2]-Shift in the Construction of Tigliane-
Daphnane Skeleton 
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Fragmentation of Cyclobutane Contained Strained 
Systems 
Scheme 3.15. Interesting Synthetic Targets in the Snapper Group!
!
 The Snapper group has a great interest in discovering novel and efficient methods 
toward construction of medium-ring-containing compounds (Scheme 3.15). New 
transformations are developed to build up molecular complexity rapidly. In particular, 
efforts have been focused on the cycloaddition of tricarbonylcyclobutadiene iron 
complexes to generate strained and reactive cyclobutene adducts that can be used to 
access medium ring skeletons by simple manipulations. In this way, methodologies 
toward the construction of bicyclo[6.3.0]undecanes (5-8 ring systems), 
tricyclo[9.3.0.0]tetradecanes (5-8-5 ring systems), as well as bicyclo[5.3.0]decanes (5-7 
ring systems) have all been well developed, as shown in Scheme 3.16. 
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Scheme 3.16. Application of Functionalized Cyclobutenes in the Construction of 
Medium-Ring-Containing Natural Products!
 
In the first case (Scheme 3.16 eq. 1), cyclobutene 3.60 is subjected to ring-
opening cross-metathesis conditions with ethylene in the presence of Grubbs’ catalyst. 
The resulting divinylcyclobutane 3.62 undergoes a facile Cope rearrangement at elevated 
temperature to generate the desired 5-8 ring system 3.63. Dr. Limanto in our group 
accomplished the shortest total synthesis of asteriscanolide through use of this strategy.19   
Another approach towards the eight-membered ring is highlighted in eq. 2.20, 21, 22 
A [2+2] photocycloaddition takes place between the cyclobutene 3.60 and cyclopentene 
derivatives to generate highly strained polycyclic intermediate 3.64. Upon heat activation, 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
19 Limanto, J.; Snapper, M. L. J. Am. Chem. Soc. 2000, 122, 8071. 
20!Bader, S. J.; Snapper, M. L. J. Am. Chem. Soc. 2000, 127, 1201. 
21!Randall, M. L.; Lo, P. C. K.; Bonitatebus, Jr. P. J.; Snapper, M. L. J. Am. Chem. Soc. 1999, 121, 4534.!
22!Lo, P. C. K.; Snapper, M. L. Org. Lett. 2001, 3, 2819. 
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the strained system rearranges to the desired 5-8-5 ring system 3.65. This ring-forming 
strategy was applied in the total synthesis of cycloaraneosene by Dr. Ng.23  
Similarly, this strain-release pathway has been expanded to construct seven-
membered ring system. The intermolecular cyclopropanation followed by thermal 
fragmentation strategy will also go through a rigid intermediate and ultimately provides 
the interesting 5-7 ring system 3.67. The overall efficiency of this methodology is evident 
in the total synthesis of pleocarpenene accomplished by Dr. Williams.24 
Cyclopropanation of Cyclobutene/Fragmentation 
Strategy  
Intermolecular Cyclopropanation/Fragmentation 
Scheme 3.17. Thermal-mediated Generation of Bicyclo[5.3.0]decanes!
 
As mentioned in eq. 3 of Scheme 3.16, our group developed a new and rapid 
strategy for generating functionalized 5-7 ring systems. In addition to a tandem 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
23 Investigation of Intramolecular [2+2] Photocycloaddtions: Using New Cycloaddition/Fragmentation 
Strategies Toward Medium Ring-Containing Natural Products, Ng, S. M. Ph. D. dissertation, Department 
of Chemistry, Boston College, 2008. 
24 Williams, M. J.; Deak, H. L.; Snapper, M. L. J. Am. Chem. Soc. 2007, 129, 486.!
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cyclopropanation/thermal fragmentation, this approach is highlighted by the unique 
stereochemical outcome. All the fragmentation products are found to be formed with 
inversion of stereochemistry at the C2 position (Scheme 3.17).  The results cannot be 
accounted for if the mechanism is the simple breakage of the two internal cyclobutane 
bonds. During the rearrangement, the bond between C1 and C2 must be cleaved. Based 
on that analysis, a mechanistic rational is proposed in Scheme 3.18.  
Scheme 3.18. Proposed Mechanism for Thermal Fragmentation!
 
The divinylcyclopropane B is generated from A through either a concerted [σ2s+ 
σ2a] pathway or a diradical process via fragmentation of the C1-C2/C6-C10 bonds. In the 
same manner, the cis-trans cycloheptadiene B1 can be formed by fragmentation of C6-
C10/C7-C9 bonds, which is relatively unstable and rearranges to cyclopropane B. As the 
Cope rearrangement of divinylcyclopropanes proceeds through a well-defined boat 
transition state, a rotation around C6-C7 bond could occur to generate compound C 
adopting a boat conformation. The subsequent Cope rearrangement delivers the isolated 
product D with the stereochemistry inversion at the C2 position.  
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Intramolecular Cyclopropanation/Fragmentation  
Scheme 3.19. Thermal Fragmentation of Two Different Fused Polycyclic Systems
 
Introduction of an additional ring to the cyclopropane 3.72 will generate two new 
polycyclic ring systems 3.75 and 3.78, which are expected to rearrange to interesting 
tricyclic systems upon thermal activation in a similar manner as we observed in the 
bicyclic systems (Scheme 3.19).  By installing an additional ring that varies in size and 
location, a library of interesting tricyclic-ring containing molecules can be built up from 
one simple starting material.  
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Scheme 3.20. Retrosynthetic Pathway
 
The retrosynthetic plan for the new polycyclic systems is illustrated in Scheme 
3.20. Both approaches rely on the intramolecular cyclopropanation strategy. Introduction 
of a second substituent to the tricarbonylcyclobutadiene iron complexes 3.84 generates 
two different regioisomers, which can provide access to two different molecular 
frameworks. 
Formation of 5-7-5 Tricyclic Ring Systems through Thermal Fragmentation 
As illustrated in Scheme 3.21, the preparation of these two novel polycyclic 
systems started from alcohol 3.88, which was first protected as MOM ether. Compound 
3.89 can be deprotonated predominantly in the ortho position with s-butyl lithium. 
Subsequent addition of 1,2-diiodoethane provided a mixture of 1,2- and 1,3-disubstituted 
cyclobutadiene iron tricarbonyl complexes 3.90a and 3.90b in about 5:1 ratio. Again, the 
two regioisomers could not be readily separated through silica gel column 
chromatography and were carried together in the following transformation. These MOM 
ethers 3.90a and 3.90b can be converted directly to allyl ethers under acidic conditions 
without deprotection first. Subsequent cross metathesis provided the 1,2-disubstituted 
trans-olefin 3.91a and 3.91b, which then underwent a ceric ammonium nitrate-mediated 
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intramolecular cycloaddition to deliver iodo-cyclobutenes 3.92a and 3.92b. Now, these 
two regioisomers were easily separated.  
Scheme 3.21. Synthesis of Functionalized Cyclobutenes!
 
A B-alkyl Suzuki-Miyaura cross-coupling was then applied to 3.92a, using a 
borane produced from acrolein ethylene acetal to provide 3.93 (Scheme 3.22). p-
Toluenesulfonic acid mediated acetal deprotection followed by Pinnick oxidation 
delivered carboxylic acid 3.94. The diazo motif in 3.95 was introduced through an acid 
chloride intermediate. Treatment of 3.95 with rhodium acetate produced the highly 
strained cyclopropyl ketone 3.96. Its relative configuration was demonstrated 
unambiguously by single crystal X-ray diffraction. According to our preliminary results, 
the presence of ketone functionality would cause undesired olefin migration during the 
thermal fragmentation.25 Therefore, a NaBH4 reduction was applied to ketone 3.96, from 
which the resulting alcohol 3.97 was observed as the sole diastereomer. Due to the highly 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
25 See more detailed discussion in Appendix. 
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congested structure, we believe the hydride can only attack the carbonyl from the convex 
face.  
Scheme 3.22. Synthesis of Highly Strained Cyclopropane Compounds!
 
With a reliable method to prepare the highly strained cyclopropyl substrates in 
hand, we are now ready to examine the rearrangement. Besides thermolysis, several other 
possible strategies for isomerization of strained ring systems have been reported in the 
literature, such as transition metal catalyzed isomerization26  and chemical electron 
transfer.27 Based on the preliminary results of the bicyclic 5-7 systems studies, we 
focused on thermal methods for rearranging these new systems. In the previous 5-7 
systems, substrates usually undergo isomerization to the desired cycloheptadienyl 
products at minimum temperatures of 130 ºC to 240 ºC. The initial reaction condition was 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
26!Bishop III, K.C. Chem Rev. 1976,76, 461.!
27!Adam, W.; Heidenfelder, T. J. Am. Chem. Soc. 1998, 120, 11858. 
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heating cyclopropyl substrate 3.97 and BHT in a sealed pressure vessel in a 0.01 M 
solution of degassed anhydrous benzene at 200 ºC for five hours; however, incomplete 
conversion was obtained. Though longer reaction time was required to drive the 
transformation to completion, it could also lead to low yields due to possible product 
decomposition at high temperatures. All the subsequent thermal fragmentations were 
performed at 240 ºC and were complete within five hours.  
As we expected, removal of the carbonyl functionality generated ring-opening 
product without any undesired olefin migration. It was expected that a rearranged 5-7-5 
tricyclic system product would be generated with overall inversion at C2 position 
according to previous investigations of 5-7 bicyclic systems; however, we isolated two 
compounds by using medium-pressure liquid chromatography (MPLC) in a 5:1 ratio of 
92% total yield.  Resubjecting the isolated ring-opening products individually to the same 
fragmentation condition indicated that these two compounds were not equilibrating 
during the thermal fragmentation. Full spectroscopic analysis was performed to identify 
these two compounds. They both have the desired mass by high-resolution mass 
spectroscopy. Compared to the prediction of the desired fragmentation product, the 
proton as well as the carbon NMR spectrum of the isolated compounds was very 
promising containing the correct number of both proton and carbon signals.  
Earlier in 2006, our group described a new entry into oxepine-containing 
bicyclo[5.3.0]ring systems through epoxidation of highly strained cyclobutenes followed 
by thermal rearrangement28(Scheme 3.23). In sharp contrast to the fragmentation of the 
corresponding cyclopropane-containing ring systems, rearrangement of the epoxide 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
28!Leyhane, A. J.; Snapper, M. L., Org Lett. 2006, 8, 5183.!
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substrates lead to a mixture of C2 epimers, which provides some hints for the 
identification of the unknown products isolated from thermolysis of 3.97.  
Scheme 3.23. Functionalized Oxepines via Fragmentation of Highly Strained Epoxides!
!
! We speculated that this new strained system fragmented through two competing 
pathways affording a mixture of two diastereomeric 5-7-5 ring systems: one with the C2 
position retained while the other inverted, as shown in Table 3.1, entry 1. At this point, 
the stereochemical identities of the fragmentation products have not been confirmed. A 
subsequent COSY experiment was performed on the compound 3.102 and 3.103 for the 
assignment of all protons. An attempt of 2-D NOESY study failed due to the overlap of 
significant ring junction proton signals in the 1H NMR. An X-ray crystallographic study 
was also carried out with 3,5-dinitrobenzoyl ester derivatives. Unfortunately, due to the 
surprisingly unstable nature of the products,29 decomposition quickly took place at rt, 0 
ºC, and -20 ºC even under N2 atmosphere after a few days.30 Selective hydrogenation of 
the less sterically hindered 1,2-disubstrituted olefin improved the stability to a certain 
extent, but not enough to grow a single crystal for further analysis. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
29!The doubly allylic proton and furan ring motif are well known to be sensitive to air.!
30!Usually 1 to 3 days, depending on the substrates.!!
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Table 3.1. Thermal Fragmentation 
 
To explore the substrate scope, the thermal fragmentation was also applied to the 
substrates 3.104 and 3.107 as shown in Table 3.1. Entry 2 shows the influence of C1 
substituent on the thermolysis. By replacing a phenyl group with a methyl ester, the ratio 
of the two diastereomeric products changed from 5:1 to 2.4:1. Entry 3 demonstrated that 
an all carbon-atom skeleton substrate could proceed as nicely as other oxygen-containing 
systems.  
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Scheme 3.24. Synthesis of Highly Strained Cyclopropane Compounds of Different 
Molecular Frameworks!
 
As shown in Scheme 3.24, the other regioisomer of iodo cyclobutene 3.92b was 
also used to generate a corresponding highly strained cyclopropyl compound 3.114 in the 
same reaction sequence. Again, the same high level of diastereoselectivity was observed 
in both intramolecular cyclopropanation and NaBH4 reduction steps.  
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Table 3.2. Thermal Fragmentations 
 
We then studied the thermal fragmentation of the regioisomeric polycyclic 
compounds (Table 3.2). It was found that the attachment point of the additional five 
membered ring also affected the relative rate of the two competing thermal pathways. 
From entry 1 and 2 we can see, only stereo-inverted 5-7-5 tricyclic ring systems were 
observed. For the all carbon skeleton substrate (Table 3.2, entry 3), both of the two 
diastereomeric products were obtained in a 1.9:1 ratio and 96% combined yield. 
Fortunately, these two diastereomers 3.119 and 3.120 provided  1H NMR spectrum with 
all proton signals nicely separated. The adjacent stereocenter at C3 position that was less 
likely to be affected in the fragmentation was used to help determine the stereochemical 
outcome of the thermolysis. 
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A 2-D NOESY experiment was carried out individually on diastereomers 3.119 
and 3.120, as shown in Figure 3.1. For compound 3.119, which we speculated was 
generated with inverted C2 stereochemistry, we observed a “syn” relationship between α 
methyl substituent and Hd, as well as the β methyl substituent and He on the other face of 
the cyclopentyl ring. In addition to that, the correlation between He and the ortho proton 
on the phenyl ring demonstrated the retention of C1 stereochemistry. Both observations 
were consistent with the proposed structure of compound 3.119. The other diastereomer 
3.120 was expected to be formed with retention of C2 stereochemistry. Due to 
conformational changes, He was correlated to both of the geminal dimethyl groups with 
different strength. Hd was found to be “syn” with the same methyl substituent that was 
strongly correlated to He. In addition to this, the correlation between Hd and the ortho 
proton on the phenyl ring was also found in the 2-D NOESY. We can conclude that Hd, 
He, and the phenyl ring are all in a “syn” relationship, which is strong evidence 
suggesting the retention of both C1 and C2 stereochemistry.  
Figure 3.1. Stereochemistry Determination by 2-D NOESY Experiment!
!
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Formation of 5-7-6 Tricyclic Ring Systems through Thermal Fragmentation 
Efforts were also made to extend this tricyclic ring forming strategy to 5-7-6 ring 
architecture.  In this regard, transition-metal catalyzed intramolecular cyclopropanations 
were attempted on substrates 3.125 31  and 3.127 (Scheme 3.25) to prepare the 
corresponding strained cyclopropyl substrates. However, six-membered ring formation is 
known to be much slower than the corresponding five-membered ring. Other reaction 
pathways, such as C-H insertion and dimerization, could become more competitive. No 
successful cyclopropanations were observed in either case. Dr. Kingsbury’s ring 
expansion methodology for the cyclic ketones was also applied here (entry 3); 32 
unfortunately, only decomposition was observed. This may be caused by ring-opening of 
the five-membered cyclopentanone 3.96 in the presence of Sc(OTf)3, which may be 
similarly to the Lewis acid-mediated generation of bicyclo[5.3.0]decanes.33 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
31!!The preparation of substrate 3.125 is shown here:!
!
32!Moebius, D. C.; Kingsbury, J. S. J. Am. Chem. Soc. 2009, 131, 878.!
33!Deak, H. L.; Williams, M. J.; Snapper, M. L. Org. Lett. 2005, 7, 5785.!
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Scheme 3.25. Exploration of Six-Membered Cyclic Ketone Substrates!
!
Instead of introducing a six-membered ring motif through the intramolecular 
cyclopropanation step, the synthetic strategy was changed in the very early steps. 
Lengthening the tether between the olefin and the cyclobutadiene ring by one methylene 
group would allow for a six-membered ring formation in the intramolecular cycloaddition 
step as illustrated in Scheme 3.26.34 
Scheme 3.26. Six-Membered Ring Formation in the Intramolecular Cycloaddition Step 
!
With the desired 6-membered cyclopropyl substrate 3.133 in hand, the thermal 
rearrangement was examined under our standard condition (Scheme 3.27). Similarly, 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
34 See detailed preparation of compound 3.163 in the following experimental section. 
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formation of two diastereomeric products 3.134 and 3.135 was observed in a 1.2:1 ratio 
and 87% combined yield.  
Scheme 3.27. Thermal Fragmentation to Afford 5-7-6 Tricyclic Ring Systems!
!
Mechanism Discussion 
 The central core of our highly strained substrates is a tricyclo[4.1.0.02,5]heptane. 
Better understanding of its thermal fragmentation can greatly aid us in thinking about the 
mechanism of our chemistry. As shown in scheme 3.28,35 the tricyclo[4.1.0.02,5]heptane 
3.136 can function either as bicyclo[2.1.0]pentane 3.137 or bicyclo[2.2.0]hexane 3.141 in 
the thermal fragmentation. Bicyclo[2.1.0]pentane 3.137 undergoes thermolysis to 
generate cyclopentene 3.169, as well as a small amount of  1,4-pentadiene 3.140  at about 
300 ºC (eq. 1). The mechanism of this transformation is believed to involve the formation 
of a 1,3-diradical intermediate 3.138. Due to relatively better orbital alignment between 
the diradical p orbitals and neighboring C-H bond, a subsequent 1,2-suprafacial-hydrogen 
shift transforms diradical 3.138 to cyclopentene 3.139 as the predominant product. The 
cleavage of the strong C-H bond is known to go through a high-energy transition state 
with about a 46 kal/mol activation barrier in this case,36 which accounts for the high 
reaction temperature. The formation of minor product 1,4-pentadiene 3.140 can be 
explained by the rearrangement of the diradical and the neighboring C-C bond. Due to 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
35!Wiberg, K. adv. Alicycl. Chem. 1968, 2, 185.!
36!Steel, C., Zand, R., Hurwitz, P., Cohen, S. G. J. Am. Chem. Soc. 1964, 86, 679.!
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good orbital overlap, bicyclo[2.2.0]hexane 3.141 undergoes thermal fragmentation 
exclusively to 1,5-hexadiene 3.143 through diradical intermediate 3.142 (eq. 2) at a much 
lower temperature of 150 ºC.  
Scheme 3.28. Thermal Fragmentation of Bicyclic Ring Systems!
!
In this way, there would be two possible pathways for the thermal fragmentation 
of tricyclo[4.1.0.02,5]heptane 3.136 to correspondingly deliver two potential ring-opening 
products 3.145 and 3.148, as shown in Scheme 3.29. Watanabe and coworkers studied 
this interesting thermolysis in 1969.37 They found tricyclo[4.1.0.02,5]heptane 3.136 was 
converted into a 10:1 mixture of two compounds at 175 ºC for 10 min, the major of 
which was identified as cycloheptadiene 3.148 while the minor one was unidentified. The 
formation of compound 3.145 was not mentioned. Based on Watanabe’s observation, the 
cycloheptadiene 3.148 is likely generated through diradical intermediate 3.146. However, 
one can’t rule out the possibility that cycloheptadiene 3.148 might also generate from 
diradical 3.144. The corresponding activation energy may be lowered in the presence of 
cyclobutane moiety since significant ring strain would be released during fragmentation. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
37 Tanida, H.; Teratake, S.; Hata, Y.; Watanabe, M. Tetrahedron Lett. 1969, 60, 5345. 
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Scheme 3.29. Two Possibilities for the Thermal Fragmentation of 
Tricyclo[4.1.0.02,5]heptane 
!  
Simple cleavage of the C1-C3 bond or the C4-C7 bond can both dramatically 
release ring strain from the highly strained system 3.136. Considering that the difference 
in ring strain of cyclopropane (27.5 kcal/mol) and cyclobutane (26.5 kcal/mol) is only 1 
kcal/mol, presumably the bond strength of C1-C3 and C4-C7 should be similar. It is 
plausible that the thermolysis may happen not only in a stepwise manner as we discussed 
in Scheme 3.29, but also through a possible concerted pathway. 
Roth and coworkers further studied this thermal fragmentation and proposed a 
concerted mechanism for this transformation (Scheme 3.30). 38  The rearrangement 
proceeds through a [σ2s+ σ2a] fragmentation of the C1-C3 and C4-C7 bonds to generate 
cis,trans-cycloheptadiene 3.149, which is not thermally stable and readily undergoes a 
Cope rearrangement to form the divinyl cyclopropane 3.147. A second Cope 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
38 Roth, W. R.; Klärner, F.-G.; Grimme, W.; Köser, H. G.; Busch, R.; Muskulus, B.; Breuckmann, R.; 
Scholz, B. P.; Lennartz, H.- W. Chem. Ber. 1983, 116, 2717. 
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rearrangement delivers cycloheptadiene 3.148. Roth successfully proved this concerted 
mechanism by trapping the reactive intermediate cis,trans-cycloheptadiene 3.149 with 
furan. A facile Diels-Alder cycloaddition was observed due to the significant release of 
trans-olefin ring strain.  
Scheme 3.30. Concerted Mechanism of Thermal Fragmentation of 
Tricyclo[4.1.0.02,5]heptane 
!  
In a stepwise fashion, the Roth group40 has also successfully demonstrated the 
existence of a diradical intermediate and proved the lability of the C1-C3 bond over the 
C4-C7 bond by formation of compound 3.153 during heating of 
tricyclo[4.1.0.02,5]heptane 3.136 with 4-phenyl-1,2,4-triazaoline-3,5-dione 3.152 
(Scheme 3.31).  
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!
Scheme 3.31. Formation of Triazoline Adducts through Trapping of a Diradical 
Intermediate 
! !
! Further evidence to support the existence of a diradical intermediate was also 
obtained in our group, as shown in Scheme 3.32. By applying the same reaction condition, 
we were able to form the adduct 3.155 from cyclopropane 3.154, which demonstrated the 
lability of the C1-C3 bond.39 Additionally, in an attempt to reductively cleave the lactone 
moiety of cis-syn-cis cyclopropane 3.156 with NaBH4, the resulting diol 3.157 was 
generated with lower energy cis-anti-cis conformation.40 The isomerization is believed to 
go through a diradical intermediate even at room temperature. 
Scheme 3.32. Evidence of a Diradical Intermediate from Snapper Group!
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
39!Cyclopropanation/isomerization Strategies toward the Synthesis of Bicyclo[5.3.0]decanes (5-7 Ring 
Systems) and Applications in Total Synthesis, Deak, H. L. Ph. D. dissertation, Department of Chemistry, 
Boston College, 2004. 
40 The Development of New Methods toward Guaiane Natural Products, Williams M. J. Ph. D. dissertation, 
Department of Chemistry, Boston College, 2007. 
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!
! In consideration of the above discussion, a nonproductive pathway (Scheme 3.33, 
box) was later amended to the mechanistic rationale of the thermal generation of 5-7 
bicyclic ring systems, which is discussed in the beginning of this chapter. It is believed 
that the homolytic cleavage of the C1-C3 bond rapidly happens in a reversible fashion 
even at a low temperature, but with the subsequent hydrogen atom shift requiring 
relatively high activation energy. At a higher temperature, the central C4-C7 bond may 
break to allow for a low activation barrier rearrangement to give divinyl cyclopropyl 
intermediate B. Subsequent bond rotation and Cope rearrangement delivers 5-7 bicyclic 
ring compound D with an inverted stereocenter at the ring junction. 
Scheme 3.33. Revised Mechanism for Thermal Rearrangement in 5-7 Bicyclic Ring 
Systems!
 
 Unlike the corresponding 5-7 bicyclic systems where C2-inverted product is the 
sole product, both C2-inverted product 3.163 and C2-retained product 3.166 were 
generated in 5-7-5 tricyclic systems (Scheme 3.34). Presumably, these two diastereomers 
are generated through two competing pathways. 
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!
 Formation of C2-inverted 5-7-5 tricyclic ring product 3.163 should occur through 
a similar mechanism as we discussed in the 5-7 bicyclic system case. The divinyl 
cyclopropyl intermediate 3.161 would be generated upon heat activation of 3.158, 
through either a concerted (a’) or stepwise diradical (a) pathway. Bond rotation along 
C6-C7 would allow for the adaptation of a boat conformation, which is required for the 
subsequent productive Cope rearrangement to deliver the 5-7-5 tricyclic ring compound 
3.163 with C2 stereo-inversion.  
 With the five-membered ring motif on the cyclopropyl ring, additional ring strain 
is introduced into this polycyclic system thus weakening bond b further. The homolytic 
cleavage of bond b is considered as an easy pathway. With stabilization from the 
additional substituent around the radical center, the resulting diradical 3.164 could 
possibly undergo an isomerization from the anti conformation to a planar conformation, 
providing diradical 3.165. Rearrangement of the neighboring C-C bond would then 
provide C2-retained product 3.166. 

!
!
Scheme 3.34. Proposed Stereochemical Rationale for Thermal Fragmentation!
!
Conclusion 
We have successfully developed a new methodology for the preparation of 5-7-
5(6) tricyclic ring systems, which expands the application of functionalized cyclobutenes 
in the syntheses of medium ring containing scaffolds.  Intramolecular 
cyclopropanation/thermal fragmentation strategy proceeds in good yields and provides a 
mixture of two diastereomeric products. A plausible mechanism is proposed to explain 
the formation of these products with different stereochemical outcome.  
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!Experimental Section 
General Information 
Proton nuclear magnetic resonance spectra (1H-NMR) were measured on either a 
Varian Gemini-400 (400 MHz), a Varian Gemini-500 (500 MHz) or a Varian Inova-500 
(500 MHz) spectrometer. Chemical shifts are reported in ppm downfield from 
tetramethylsilane with the solvent resonance as the reference (CDCl3: δ 7.26 ppm; C6D6: 
δ 7.16 ppm). Data are reported as follows: chemical shift, integration, multiplicity (s = 
singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet), and coupling 
constants (Hz). Carbon nuclear magnetic resonance spectra (13C-NMR) were recorded on 
either a Varian Gemini-400 (100 MHz), a Varian Gemini-500 (125 MHz) or a Varian 
Inova-500 (125 MHz) spectrometer with complete proton decoupling. Chemical shifts are 
reported in ppm downfield from tetramethylsilane with the solvent resonance as the 
reference (CDCl3: δ 77.23 ppm; C6D6: δ 128.39 ppm). Infrared (IR) spectra were 
recorded on a Mattson Galaxy series FTIR microscope and are reported in wave numbers 
(cm-1). Bands are characterized as broad (br), strong (s), medium (m), or weak (w). High 
resolution mass spectral analyses (HRMS) were performed by Marek Domin, Mass 
Spectrometry Laboratory, at Boston College. Melting points (mp) were obtained with a 
laboratory device Melt-Temp and are reported uncorrected.  
Starting materials and reagents were purchased from commercial suppliers and 
used without further purification except the following: Dry dichloromethane (CH2Cl2), 
N,N-dimethyl formamide (DMF), hexane, toluene, diethyl ether (Et2O), tetrahydrofuran 

!(THF), and benzene were used from a solvent purification system.1 Hexanes and Et2O 
used in chromatography were distilled before use. Molecular sieves were dried in a 
250 °C oven overnight before use. All oxygen- or moisture-sensitive reactions were 
carried out under N2 atmosphere in oven-dried (140 °C, >4 h) or flame-dried glassware. 
Air- or moisture-sensitive liquids were transferred by syringe or cannula and were 
introduced into the reaction flasks through rubber septa or through a stopcock under N2 
positive pressure. Degassing refers to a flow of dry N2 (g) bubbling through reaction 
solvent for 15 minutes. Unless otherwise stated, reactions were stirred with a Teflon 
covered stir bar. Concentration refers to the removal of solvent using a rotary evaporator 
followed by use of a vacuum pump at approximately 1 torr. Silica gel column 
chromatography refers to flash chromatography2 and was performed using 60 Å (230-400 
Mesh ASTM) silica gel purchased from Silicycle. Thin layer chromatography was 
performed on glass back 60 Å (250 um thickness) silica gel plates purchased from 
Silicycle. X-ray data were collected using a Bruker SMART APEX CCD (charge coupled 
device) based diffactometer with Mo (λ=0.71073 Å) radiation equipped with an LT-3 
low-temperature apparatus operating at 183 K. A stable crystal was chosen and mounted 
on a glass fiber using grease. Data were measured using omega scans of 0.3° per frame 
for 30 s, such that a hemisphere was collected. A total of 1305 frames were collected with 
a maximum resolution of 0.75 Å. Cell parameters were retrieved using SMART3 software 
and refined using SAINT on all observed reflections. The structures are solved by the 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
1!Panborn, A.B.; Giardello, M.A.; Grubbs, R.H.; Rosen, R. K.; Timmers, F. J. Organommetallics 1996, 12, 
1518.!
2!Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923.!
3!SMART V 5.050 (NT) Software for the CCD Detector System; Bruker Analystical X-ray Systems, 
Madison, WI (1998). 
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!direct method using the SHELXS-974 program and refined by least squares method on F2, 
SHELXTL-97, 5  incorporated in SHELXTL-PC V 5.10. 6  The crystals used for the 
diffraction studies showed no decomposition during data collection. The drawing as 
displayed at 35 % ellipsoids. The structure was solved by Dr. Bo Li at Boston College. 
Experimental Procedure 
!
Iron, tricarbonyl[1-((methoxymethoxy)methyl)cyclobutadiene] (3.89). 
 In a 50 mL round bottom flask with a stir bar and septum were placed compound 
3.88 (2.26 g, 10.2 mmol) and diisopropyl ethylamine (10.2 mL). The flask was cooled to 
0 ºC and added MOMCl (1.0 mL, 13.2 mmol) dropwise via syringe under N2 atmosphere. 
The reaction was allowed to warm to room temperature and stirred overnight. TLC 
analysis (Rf of 3.89: 0.85 in 2:1 hexanes/Et2O) indicated full conversion before saturated 
aqueous ammonium chloride (30 mL) was added to quench the reaction. The mixture was 
transferred into a 125 mL separation funnel and the aqueous layer was extracted with 
dichloromethane (3 × 30 mL). The combined organic layers were washed with brine (20 
mL) and dried over anhydrous magnesium sulfate. Filtration and concentration afforded a 
dark yellow oil that was immediately purified by silica gel column chromatography (10:1 
hexanes/Et2O) to collect compound 3.89 (2.58 g, 9.69 mmol, 95% yield) as a yellow oil. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!
4!Sheldrick, G. M. SHELXS-90, Program for the Solution of Crystal Structure, University of Gottingen, 
Germany, 1990. 
5!Sheldrick, G. M. SHELXS-90, Program for the Solution of Refinement Structure, University of Gottingen, 
Germany, 1997.!
6!SHELXTL 5.10 (PC-Version), Program Library for Structure Solution and Molecular Graphics, Bruker 
Analytical X-ray Systems, Madison, WI (1998).!
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!1H-NMR (400 MHz, CDCl3): δ 4.26 (2H, s), 4.12 (2H, s), 4.06 (1H, s), 3.85 (2H, s), 3.34 
(3H, s); 13C-NMR (100 MHz, CDCl3): δ 214.3, 95.9, 80.5, 64.7, 63.0, 62.7, 55.4; IR 
(KBr thin film): 2952 (w), 2886 (w), 2046 (s), 1966 (s), 1152 (w), 1101 (w), 1037 (m), 
613 (m), 588 (s); DART-HRMS (m/z): Calc’d for [M-MOM]+ (C8H5FeO3): 204.9588; 
Found: 204.9589.   
!
 To a solution of compound 3.89 (2.58 g, 9.68 mmol) in THF (48.0 mL) under N2 
atmosphere at -78 ºC was added freshly titrated s-BuLi (9.68 mmol, 1.26 M in 
cyclohexane) dropwise via a gas-tight syringe. The resulting dark solution was allowed to 
stir at this temperature for another 15 minutes before adding in 1,2-diiodoethane (3.01g, 
10.7 mmol). Then the mixture was allowed to warm to room temperature and stirred for 1 
hour before saturated aqueous ammonium chloride (50 mL) was added to quench the 
reaction. The mixture then was poured into a 250 mL separation funnel. The aqueous 
layer was extracted with Et2O (3 × 50 mL). The combined organic layers were washed 
with brine (50 mL) and dried over anhydrous magnesium sulfate. The resulting solution 
after filtration was concentrated and immediately purified by silica gel column 
chromatography (100:1 hexanes/Et2O with a gradient to 20:1 hexanes/Et2O) to afford a 
partially separable mixture of compound 3.90a and compound 3.90b (1.80 g, 4.64 mmol, 
48% yield, 5:1 3.90a/3.90b), both as yellow oils.  
Iron, tricarbonyl[1-iodo-4-((methoxymethoxy)methyl)cyclobutadiene] (3.90a): 1H-
NMR (500 MHz, CDCl3): δ 4.68 (2H, d, J = 2.5 Hz), 4.58 (1H, s), 4.41 (1H, s), 3.90 (1H, 
MOMO
(CO)3Fe s-BuLi, THF, -78°C;
ICH2CH2I
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(CO)3Fe
30-48%
5:1 ortho/para
I
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!d, J = 12.5 Hz), 3.82 (1H, d, J = 13.0 Hz), 3.41 (3H, s); 13C-NMR (125 MHz, CDCl3): δ 
213.1, 96.3, 96.2, 83.2, 67.3, 63.2, 62.1, 55.7; IR (KBr thin film, CH2Cl2 solution): 3060 
(w), 3027 (w), 2934 (w), 2048 (s), 1972 (s), 1150 (w), 1099 (w), 1041 (w), 613 (w), 583 
(m) cm-1; DART-HRMS (m/z): Calc’d for [M-MOM]+ (C8H4FeO3I): 330.8555; Found: 
330.8565.   
!
 In a 25 mL round bottom flak with condenser, stir bar and septum were placed in 
a mixture of  3.90 (295.7 mg, 0.755 mmol), Amberlyst-15 (88.7 mg) and allyl alcohol 
(4.0 mL). The reaction mixture was heated to 90 ºC until judged complete (4 hours) by 
TLC analysis (Rf of mixture of 3.167a and 3.167b: 0.50 in 1:2 Et2O/hexanes). After 
cooling to room temperature, the reaction mixture was filtrated and concentrated to 
provide a dark brown oil that was immediately purified by silica gel column 
chromatography (10:1 hexanes/Et2O) to afford a partially separable mixture of compound 
3.167a and 3.167b (267.7 mg, 0.664 mmol, 88% yield), both as dark yellow oils.  
Iron, tricarbonyl[1-((allyloxy)methyl)-4-iodocyclobutadiene] (3.167a): 1H-NMR (500 
MHz, CDCl3): δ 5.91 (1H, m), 5.30-5.36 (1H, dq, J = 2.0, 21.5 Hz), 5.21-5.25 (1H, dq, J 
= 2.0, 13.0 Hz), 4.57 (1H, s), 4.40 (1H, s), 4.06 (2H, m), 3.77 (2H, s); 13C-NMR (125 
MHz, CDCl3): δ 213.5, 134.5, 117.8, 83.7, 72.0, 67.2, 64.7, 63.2, 27.0; IR (KBr thin film, 
CH2Cl2 solution): 2955 (w), 2856 (w), 2359 (w), 2341 (w), 2050 (s), 1977 (s), 1116 (w), 
1075 (w), 930 (w), 613 (m), 584 (m), 508 (w) cm-1; DART-HRMS (m/z): Calc’d for [M-
C3H5O]+ (C8H4FeO3I): 330.8555; Found: 330.8563.   
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!Mixture of iron, tricarbonyl[1-((allyloxy)methyl)-4-iodocyclobutadiene] and iron, 
tricarbonyl[1-((allyloxy)methyl)-3-iodocyclobutadiene] (3.167a and 3.167b): 1H-
NMR (500 MHz, CDCl3): δ 5.89 (m), 5.21-5.35 (m), 4.57 (compound 3.167a, 1H, s), 
4.45 (compound 3.167b, 2H, s), 4.40 (compound 3.167a, 1H, s), 4.06 (compound 3.167a, 
2H, m), 4.01 (compound 3.167b, 2H, dt, J = 1.5, 6.0 Hz), 3.80 (compound 3.167b, 2H, s), 
3.77 (compound 3.167a, 2H, s). 
!
 In a 25 mL round bottom flask with condenser, stir bar and septum were placed 
compound 3.167 (291.9 mg, 0.725 mmol), freshly purified styrene (322 µL, pass through 
a neutral Al2O3 plug to remove inhibitor), Hoveyda-Grubbs second-generation catalyst 
(22.8 mg, 5.0 mol %) and dichloromethane (4.0 mL). The reaction mixture was heated to 
reflux for overnight. After cooling to room temperature, 30 wt.% silica gel was added 
into the flask and allowed to stir vigorously for 30 minutes. Filtration and concentration 
provided a dark orange oil, which was then purified by silica gel column chromatography 
(100:1 hexanes/Et2O with a gradient to 10:1 hexanes/Et2O) to afford a partially separable 
mixture of compound 3.91a and 3.91b (291.3 mg, 0.632 mmol, 87% yield), both as 
orange oils.  
Iron, tricarbonyl[(E)-(3-((3-iodocyclobuta-1,3-dien-1-yl)methoxy)prop-1-en-1-
yl)benzene] (3.91a): 1H-NMR (500 MHz, CDCl3): δ 7.40 (2H, d, J = 7.5 Hz), 7.32 (2H, 
m), 7.25 (1H, m), 6.66 (1H, d, J = 20.0 Hz), 6.31 (1H, m), 4.59 (1H, s), 4.41 (1H, s), 4.23 
(2H, m), 3.83 (2H, s); IR (KBr thin film, CH2Cl2 solution): 2953 (w), 2854 (w), 2049 (s), 
(CO)3Fe
styrene, 2.5% HG II
CH2Cl2, reflux
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!1977 (s), 1116 (w), 1073 (w), 967 (w), 737 (w), 613 (m), 585 (m), 507 (w) cm-1; DART-
HRMS (m/z): Calc’d for [M-C9H9O]+ (C8H4FeO3I): 330.8555; Found: 330.8559. 
Mixture of iron, tricarbonyl[(E)-(3-((3-iodocyclobuta-1,3-dien-1-yl)methoxy)prop-1-
en-1-yl)benzene] and iron, tricarbonyl[(E)-(3-((2-iodocyclobuta-1,3-dien-1-
yl)methoxy)prop-1-en-1-yl)benzene] (3.91a and 3.92b): 1H-NMR (500 MHz, CDCl3): 
δ 7.40 (d, J = 7.0 Hz), 7.32 (t, J = 7.5 Hz), 7.26 (m), 6.66 (m), 6.31 (m), 4.59 (compound 
3.91a, 1H, s), 4.47 (compound 3.91b, 2H, s), 4.41 (compound 3.91a, 1H, s), 4.23 
(compound 3.91a, 2H, m), 4.18 (compound 3.91b, 2H, d, J = 6.0 Hz), 3.85 (s). 
!
(±)-(4R,5R,6S)-2-iodo-5-phenyl-8-oxatricyclo[4.3.0.01,4]non-2-ene (3.92a). 
 To a solution of compound 3.91a (291.3 mg, 0.631 mmol) in acetone (316.0 mL) 
was added cerium ammonium nitrate (CAN) (1.039 g, 1.90 mmol). The reaction was 
allowed to stir at room temperature for 15 minutes and a vigorous gas evolution was 
observed. Then 5 mL saturated aqueous sodium bicarbonate was added to quench the 
reaction. Stirring was continued for 20 minutes to allow precipitation for cerium salts, 
which were removed by subsequent vacuum filtration. The filtrate was dried over 
anhydrous magnesium sulfate. Filtration and concentration provided a brown oil, which 
was then immediately purified by silica gel column chromatography (Rf of 3.92a: 0.67 in 
2:1 hexanes/Et2O, 20:1 hexanes/Et2O with a gradient to 10:1 hexanes/Et2O) to afford 
compound 3.92a (90.8 mg, 0.278 mmol, 45% yield) as a sticky pale yellow oil. 1H-NMR 
(500 MHz, CDCl3): δ 7.31 (2H, t, J = 7.5 Hz), 7.21 (1H, t, J = 7.5 Hz), 7.10 (2H, d, J = 
(CO)3Fe
I
O
Ph
3.91a
CAN
acetone
45% O
Ph
I
H
3.92a
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!7.5 Hz), 4.11 (1H, dd, J = 1.5, 9.5 Hz), 3.93 (1H, d, J = 10.0 Hz), 3.89 (1H, dd, J = 7.0, 
10.0 Hz), 3.73 (1H, d, J = 8.0 Hz), 3.46 (1H, d, J = 10.5 Hz), 3.40 (1H, dd, J = 5.5, 7.5 
Hz), 2.75 (1H, m); 13C-NMR (125 MHz, CDCl3): δ 145.7, 141.9, 128.6, 127.4, 126.6, 
93.1, 73.5, 69.1, 65.1, 53.0, 47.3, 43.5; IR (KBr thin film, CH2Cl2 solution): 3026 (w), 
2956 (s), 2840 (m), 2359 (w), 1529 (m), 1267 (w), 1091 (w), 1057 (m), 888 (s), 817 (m), 
774 (w), 710 (w) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C14H14IO): 325.0089; 
Found: 325.0100. 
!
(±)-(4S,5R,6S)-2-(2-(1,3-dioxolan-2-yl)ethyl)-5-phenyl-8-oxatricyclo[4.3.0.01,4]non-2-
ene (3.93). 
 To a solution of 9-BBN (1.0 g, 8.2 mmol) in THF (16.0 mL) at 0 ºC was added in 
acrolein ethylene acetal under N2 atmosphere. The reaction was allowed to stir at room 
temperature for 4 hours before DMF (0.83 mL), H2O (2.2 mL), Cs2CO3 (1.17 g, 3.59 
mmol), Ph3As (80.0 mg, 0.266 mmol), compound 3.92a (430.7 mg, 1.33 mmol) and 
PdCl2(dppf) (68.1 mg, 7.0 mol %) were sequentially added. The reaction was heated to 
80 ºC for 15 hours. After cooling to room temperature, the mixture was poured into a 
separation funnel with 5% LiCl aqueous solution (20 mL). The aqueous layer was 
extracted with Et2O (3 × 20 mL). The combined organic layers were washed with brine 
(20 mL) and dried over anhydrous magnesium sulfate. The resulting solution after 
filtration was concentrated and immediately purified by silica gel column 
chromatography (Rf of 3.93: 0.44 in 1:1 hexanes/Et2O, 10:1 hexanes/Et2O with a gradient 
O
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I
+
O
O
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H
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!to 1:1 hexanes/Et2O) to afford compound 3.93 (361.3 mg, 1.21 mmol, 91% yield) as a 
colorless oil. 1H-NMR (500 MHz, CDCl3): δ 7.26 (2H, t, J = 7.5 Hz), 7.16 (1H, t, J = 7.5 
Hz), 7.10 (2H, d, J = 7.0 Hz), 5.72 (1H, d, J = 1.5 Hz), 4.89 (1H, t, J = 5.0 Hz), 4.09 (1H, 
d, J = 9.5 Hz), 3.96 (2H, m), 3.89 (1H, d, J = 10.0 Hz), 3.85 (3H, m), 3.68 (1H, d, J = 
10.0 Hz), 3.42 (1H, dd, J = 6.0, 8.0 Hz), 3.26 (1H, d, J = 8.0 Hz), 2.77 (1H, t, J = 6.0 Hz), 
2.25 (2H, m), 1.86 (2H, m); 13C-NMR (125 MHz, CDCl3): δ 150.3, 143.2, 128.7, 128.3, 
127.4, 126.0, 104.1, 73.9, 69.3, 65.2, 58.5, 46.8, 46.2, 44.9, 31.0, 23.2; IR (KBr thin film, 
CH2Cl2 solution): 3080 (m), 3060 (s), 2957 (m), 2942 (s), 1600 (w), 1402 (w), 1383 (w), 
1138 (m), 1029 (br), 895 (w), 758 (s), 701 (s), 537 (m), 448 (w) cm-1; DART-HRMS 
(m/z): Calc’d for [M+H]+ (C19H23O3): 299.1647; Found: 299.1637. 
!
(±)-3-((4S,5R,6S)-5-phenyl-8-oxatricyclo[4.3.0.01,4]non-2-en-2-yl)propanoic acid 
(3.94). 
 To a solution of compound 3.93 (456.0 mg, 1.53 mmol) in acetone (7.0 mL) and 
water (4.0 mL) mixture solvent was added in p-toluenesulfonic acid monohydrate (319.8 
mg, 1.68 mmol). The reaction was heated to reflux until judged complete (4 hours) by 
TLC analysis. Then saturated aqueous sodium bicarbonate (10 mL) was added to quench 
the reaction. The aqueous layer was extracted with Et2O (3 × 15 mL). The combined 
organic layers were washed with brine (20 mL) and dried over anhydrous magnesium 
sulfate. Filtration and concentration afforded a yellow oil that was immediately used in 
the subsequent transformation without further purification. Then the resulting aldehyde 
O
Ph
O
O
H
1) TsOH, acetone/H2O, reflux
2) NaClO2, KH2PO4, t-BuOH/H2O
O
PhH
O
HO
63% over 2 steps3.93 3.94
2-methylbut-2-ene, 0 °C to rt
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!intermediate was dissolved in t-butanol (6.1 mL) and H2O (3.0 mL) mixture solvent in a 
25 mL round bottom flask with a stir bar at 0 ºC. 2-Methyl-2-butene (1 mL, added by 
pipette) was added followed by KH2PO4 (832.0 mg, 6.11 mmol) and NaClO2 (552.6 mg, 
6.11 mmol). The reaction was allowed to warm to room temperature and stirred overnight 
until judged complete by TLC analysis (Rf of 3.94: 0.55 1:8 hexanes/Et2O). The mixture 
was transferred to a separation funnel and extracted with ethyl acetate (3 × 15 mL). The 
combined organic layers were washed with brine (15 mL) and dried over anhydrous 
magnesium sulfate. The resulting solution after filtration was concentrated and 
immediately purified by silica gel column chromatography (85:15 hexanes/EtOAc with a 
gradient to 35:65 hexanes/EtOAc) to afford compound 3.94 (234.1 mg, 0.866 mmol, 63% 
yield over 2 steps) as a colorless oil. 1H-NMR (500 MHz, CDCl3): δ 7.27 (2H, t, J = 7.5 
Hz), 7.17 (1H, t, J = 7.5 Hz), 7.09 (2H, d, J = 7.5 Hz), 5.76 (1H, t, J = 1.5 Hz), 4.09 (1H, 
d, J = 9.5 Hz), 3.91 (1H, d, J = 10.0 Hz), 3.84 (1H, dd, J = 6.5, 9.5 Hz), 3.69 (1H, d, J = 
10.0 Hz), 3.44 (1H, dd, J = 6.0, 8.5 Hz), 3.28 (1H, d, J = 8.0 Hz), 2.79 (1H, t, J = 5.5 Hz), 
2.58 (2H, t, J = 7.5 Hz), 2.47 (2H, m); 13C-NMR (125 MHz, CDCl3): δ 178.7, 149.1, 
142.9, 129.4, 128.3, 127.4, 126.0, 73.8, 69.1, 58.3, 46.7, 46.3, 44.8, 31.3, 23.7; IR (KBr 
thin film, CH2Cl2 solution): 3060 (s), 3027 (s), 3002 (s), 1732 (m), 1709 (m), 1447 (w), 
1203 (br), 1063 (w), 887 (w), 712 (w), 590 (br) cm-1; DART-HRMS (m/z): Calc’d for 
[M+H]+ (C17H19O3): 271.1334; Found: 271.1344. 
!
!

!!
(±)-1-diazo-4-((4S,5R,6S)-5-phenyl-8-oxatricyclo[4.3.0.01,4]non-2-en-2-yl)butan-2-
one (3.95).  
 To a solution of compound 3.94 (234.1 mg, 0.866 mmol) in dry benzene (4.4 mL) 
were added DMF (0.67 µL, 1.0 mol %) and oxalyl chloride (223.1 µL, 2.30 mmol) at 0 
ºC under N2 atmosphere. The reaction was allowed to slowly warm to room temperature 
and stirred until no gas-evolution was observed (approximate 2 hours). The solvent and 
unreacted oxalyl chloride was removed under reduced pressure. Then THF (4.4 mL) and 
acetonitrile (4.4 mL) mixture solvent was added at 0 ºC under N2 atmosphere. 
Trimethylsilyl diazomethane (0.866 mL, 2.0 M in cyclohexane) was slowly added via air-
tight syringe. Bright yellow color was developed during addition. The reaction was 
allowed to stir at room temperature until judge complete (2 hours) by TLC analysis (Rf of 
3.95: 0.3 in 1:1 hexanes/EtOAc). The crude reaction mixture was concentrated and 
purified by silica gel column chromatography (silica gel was first neutralized by 5% Et3N 
in hexanes, 90:10 hexanes/EtOAc with a gradient to 75:25 hexanes/EtOAc) to afford 
compound 3.95 (137.6 mg, 0.468 mmol, 54% yield over 2 steps) as a bright yellow oil. 
1H-NMR (500 MHz, CDCl3): δ 7.27 (2H, t, J = 7.5 Hz), 7.17 (1H, t, J = 7.5 Hz), 7.09 
(2H, dd, J = 8.0, 10.0 Hz), 5.71 (1H, s), 5.22 (1H, br), 4.09 (1H, d, J = 9.5 Hz), 3.89 (1H, 
d, J = 10.0 Hz), 3.84 (1H, dd, J = 6.5, 9.5 Hz), 3.68 (1H, d, J = 10.0 Hz), 3.43 (1H, dd, J 
= 5.5, 8.0 Hz), 3.27 (1H, d, J = 8.0 Hz), 2.78 (1H, t, J = 5.5 Hz), 2.46 (4H, m); 13C-NMR 
(125 MHz, CDCl3): δ 193.8, 149.6, 143.1, 129.1, 128.3, 127.4, 126.0, 73.9, 69.2, 58.5, 
O
PhH
O
HO
O
PhH
O
1) (COCl)2, DMF 
    PhH, 0 °C to rt
2) TMSCHN2, THF
    CH3CN, 0 °C to rt
N2
54% yield over 2 steps
3.94 3.95
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!46.7, 46.2, 44.8, 23.7; IR (KBr thin film, CH2Cl2 solution):  3060 (s), 3028 (s), 2931 (s), 
2850 (w), 2360 (w), 2341 (w), 2103 (m), 1645 (w), 1371 (w), 746 (w), 697 (w) cm-1; 
DART-HRMS (m/z): Calc’d for [M+H]+ (C18H19O2N2): 295.1447; Found: 295.1448. 
!
(±)-(3aS,4R,4aR,4bS,4cS)-4-
phenyloctahydrocyclopenta[2'',3'']cyclopropa[1'',2'':3',4']cyclobuta[1',2':1,4]cyclob
uta[1,2-c]furan-5(1H)-one (3.96). 
 To a solution of compound 3.95 (10.0 mg, 0.0340 mmol) in dichloromethane (1.7 
mL) was added in rhodium acetate (0.30 mg, 0.00068 mmol, 2.0 mol %). The reaction 
was allowed to stir at room temperature until judged complete (1 hour) by TLC analysis 
(Rf of 3.96: 0.4 in 1:1 hexanes/EtOAc). Then the crude was concentrated and purified by 
silica gel column chromatography (90:10 hexanes/EtOAc with a gradient to 50:50 
hexanes/EtOAc) to afford compound 3.96 (5.7 mg, 0.021 mmol, 63% yield) as a white 
solid (mp: 117-125 ºC). 1H-NMR (500 MHz, CDCl3): δ 7.19-7.40 (5H, m), 4.05 (1H, d, J 
= 9.5 Hz), 3.86 (1H, dd, J = 6.5, 9.5 Hz), 3.73 (1H, d, J = 10.0 Hz), 3.71 (1H, t, J = 6.0 
Hz), 3.47 (1H, d, J = 10.0 Hz), 3.24 (1H, t, J = 6.0 Hz), 2.69 (1H, d, J = 2.0 Hz), 2.27-
2.32 (1H, m), 2.10 (1H, m), 2.01-2.04 (1H, m), 1.92 (1H, s), 1.74 (1H, s); 13C-NMR (125 
MHz, CDCl3): δ 212.3, 140.9, 128.6, 127.1, 126.4, 74.0, 69.1, 52.8, 44.7, 43.5, 43.4, 40.0, 
37.9, 35.0, 24.0, 20.8; IR (KBr thin film, CH2Cl2 solution): 3059 (m), 2955 (m), 2844 
(br), 2360 (m), 2341 (m), 1730 (s), 1281 (w), 1172 (m), 1053 (w), 902 (w) cm-1; DART-
HRMS (m/z): Calc’d for [M+H]+ (C18H19O2): 267.1385; Found: 267.1390. 
O
O
PhH
H
Rh2(OAc)4
CH2Cl2, rt
63%
3.96
O
PhH
O
N2
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!X-ray structure of compound 3.96: 
!
Table 3.3. Crystal data and structure refinement for compound 3.96 
Identification code  sadcu 
Empirical formula  C18 H18 O2 
Formula weight  266.32 
Temperature  143(2) K 
Wavelength  1.54178 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1) 
Unit cell dimensions a = 7.6871(2) Å α= 90°. 
 b = 10.2847(3) Å β= 90°. 
 c = 17.0836(5) Å γ = 90°. 
Volume 1350.62(7) Å3 
Z 4 
Density (calculated) 1.310 Mg/m3 
Absorption coefficient 0.663 mm-1 

!F(000) 568 
Crystal size 0.09 x 0.06 x 0.02 mm3 
Theta range for data collection 5.02 to 69.37°. 
Index ranges -9<=h<=8, -8<=k<=12, -20<=l<=14 
Reflections collected 6626 
Independent reflections 2242 [R(int) = 0.0186] 
Completeness to theta = 69.37° 97.5 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9869 and 0.9428 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2242 / 5 / 197 
Goodness-of-fit on F2 1.066 
Final R indices [I>2sigma(I)] R1 = 0.0330, wR2 = 0.0860 
R indices (all data) R1 = 0.0333, wR2 = 0.0868 
Absolute structure parameter 0.7(2) 
Extinction coefficient na 
Largest diff. peak and hole 0.192 and -0.163 e.Å-3 
 
Table 3.4.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement 
parameters (Å2x 103) for compound 3.96.  U(eq) is defined as one third of  the trace of 
the orthogonalized Uij tensor. 
________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________  
O(1) 10561(2) 2324(1) 7968(1) 39(1) 
O(2) 2909(1) 365(1) 9811(1) 32(1) 
C(1) 9725(2) 1490(2) 8297(1) 28(1) 
C(2) 9908(2) 34(2) 8159(1) 30(1) 
C(3) 8145(2) -557(2) 8392(1) 27(1) 
C(4) 7463(2) 392(1) 8982(1) 23(1) 
C(5) 5851(2) 457(1) 9480(1) 23(1) 
C(6) 4048(2) 779(2) 9195(1) 28(1) 
C(7) 3620(2) -843(2) 10092(1) 30(1) 
C(8) 5584(2) -680(2) 10071(1) 24(1) 
C(9) 6439(2) 150(2) 10729(1) 24(1) 
C(10) 6901(2) 1223(2) 10130(1) 23(1) 

!C(11) 8538(2) 1001(1) 9639(1) 23(1) 
C(12) 8304(2) 1726(2) 8874(1) 26(1) 
C(13) 7827(2) -462(2) 11227(1) 25(1) 
C(14) 7558(2) -1693(2) 11544(1) 34(1) 
C(15) 8810(3) -2284(2) 12005(1) 42(1) 
C(16) 10377(3) -1673(2) 12152(1) 40(1) 
C(17) 10654(2) -442(2) 11848(1) 35(1) 
C(18) 9392(2) 159(2) 11395(1) 29(1) 
________________________________________________________________________
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! Table 3.5.   Bond lengths [Å] and angles [°] for compound 3.96 
____________________________________________________  
O(1)-C(1)  1.211(2) 
O(2)-C(6)  1.4335(19) 
O(2)-C(7)  1.440(2) 
C(1)-C(12)  1.491(2) 
C(1)-C(2)  1.522(2) 
C(2)-C(3)  1.537(2) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-C(4)  1.498(2) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-C(5)  1.504(2) 
C(4)-C(12)  1.528(2) 
C(4)-C(11)  1.529(2) 
C(5)-C(6)  1.506(2) 
C(5)-C(8)  1.559(2) 
C(5)-C(10)  1.583(2) 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(7)-C(8)  1.520(2) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-C(9)  1.556(2) 
C(8)-H(8)  1.006(14) 
C(9)-C(13)  1.503(2) 
C(9)-C(10)  1.546(2) 
C(9)-H(9)  0.993(14) 
C(10)-C(11)  1.529(2) 
C(10)-H(10)  1.002(14) 
C(11)-C(12)  1.516(2) 
C(11)-H(11)  0.982(14) 
C(12)-H(12)  0.982(14) 
C(13)-C(14)  1.392(2) 
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!C(13)-C(18)  1.392(2) 
C(14)-C(15)  1.384(2) 
C(14)-H(14)  0.9500 
C(15)-C(16)  1.381(3) 
C(15)-H(15)  0.9500 
C(16)-C(17)  1.385(3) 
C(16)-H(16)  0.9500 
C(17)-C(18)  1.386(2) 
C(17)-H(17)  0.9500 
C(18)-H(18)  0.9500 
 
C(6)-O(2)-C(7) 105.63(11) 
O(1)-C(1)-C(12) 125.46(16) 
O(1)-C(1)-C(2) 125.18(15) 
C(12)-C(1)-C(2) 109.32(13) 
C(1)-C(2)-C(3) 105.50(12) 
C(1)-C(2)-H(2A) 110.6 
C(3)-C(2)-H(2A) 110.6 
C(1)-C(2)-H(2B) 110.6 
C(3)-C(2)-H(2B) 110.6 
H(2A)-C(2)-H(2B) 108.8 
C(4)-C(3)-C(2) 103.01(12) 
C(4)-C(3)-H(3A) 111.2 
C(2)-C(3)-H(3A) 111.2 
C(4)-C(3)-H(3B) 111.2 
C(2)-C(3)-H(3B) 111.2 
H(3A)-C(3)-H(3B) 109.1 
C(3)-C(4)-C(5) 134.22(13) 
C(3)-C(4)-C(12) 110.85(13) 
C(5)-C(4)-C(12) 112.17(12) 
C(3)-C(4)-C(11) 124.84(13) 
C(5)-C(4)-C(11) 90.68(11) 
C(12)-C(4)-C(11) 59.50(10) 
C(4)-C(5)-C(6) 125.78(12) 
C(4)-C(5)-C(8) 116.20(12) 
C(6)-C(5)-C(8) 104.68(12) 

!C(4)-C(5)-C(10) 89.93(11) 
C(6)-C(5)-C(10) 125.96(13) 
C(8)-C(5)-C(10) 89.17(11) 
O(2)-C(6)-C(5) 105.04(12) 
O(2)-C(6)-H(6A) 110.7 
C(5)-C(6)-H(6A) 110.7 
O(2)-C(6)-H(6B) 110.7 
C(5)-C(6)-H(6B) 110.7 
H(6A)-C(6)-H(6B) 108.8 
O(2)-C(7)-C(8) 105.91(13) 
O(2)-C(7)-H(7A) 110.6 
C(8)-C(7)-H(7A) 110.6 
O(2)-C(7)-H(7B) 110.6 
C(8)-C(7)-H(7B) 110.6 
H(7A)-C(7)-H(7B) 108.7 
C(7)-C(8)-C(9) 117.58(13) 
C(7)-C(8)-C(5) 103.21(12) 
C(9)-C(8)-C(5) 90.04(11) 
C(7)-C(8)-H(8) 111.0(11) 
C(9)-C(8)-H(8) 116.2(10) 
C(5)-C(8)-H(8) 116.7(10) 
C(13)-C(9)-C(10) 120.68(13) 
C(13)-C(9)-C(8) 118.59(13) 
C(10)-C(9)-C(8) 90.64(11) 
C(13)-C(9)-H(9) 108.2(10) 
C(10)-C(9)-H(9) 108.7(10) 
C(8)-C(9)-H(9) 108.7(10) 
C(11)-C(10)-C(9) 116.44(12) 
C(11)-C(10)-C(5) 87.74(11) 
C(9)-C(10)-C(5) 89.53(11) 
C(11)-C(10)-H(10) 116.1(10) 
C(9)-C(10)-H(10) 118.4(10) 
C(5)-C(10)-H(10) 122.1(10) 
C(12)-C(11)-C(4) 60.22(9) 
C(12)-C(11)-C(10) 107.57(12) 
C(4)-C(11)-C(10) 91.08(11) 

!C(12)-C(11)-H(11) 122.3(10) 
C(4)-C(11)-H(11) 129.8(11) 
C(10)-C(11)-H(11) 126.0(10) 
C(1)-C(12)-C(11) 113.73(13) 
C(1)-C(12)-C(4) 104.09(13) 
C(11)-C(12)-C(4) 60.28(10) 
C(1)-C(12)-H(12) 117.0(11) 
C(11)-C(12)-H(12) 122.0(11) 
C(4)-C(12)-H(12) 127.2(11) 
C(14)-C(13)-C(18) 117.72(15) 
C(14)-C(13)-C(9) 119.73(14) 
C(18)-C(13)-C(9) 122.55(14) 
C(15)-C(14)-C(13) 121.19(17) 
C(15)-C(14)-H(14) 119.4 
C(13)-C(14)-H(14) 119.4 
C(16)-C(15)-C(14) 120.64(17) 
C(16)-C(15)-H(15) 119.7 
C(14)-C(15)-H(15) 119.7 
C(15)-C(16)-C(17) 118.80(16) 
C(15)-C(16)-H(16) 120.6 
C(17)-C(16)-H(16) 120.6 
C(16)-C(17)-C(18) 120.62(17) 
C(16)-C(17)-H(17) 119.7 
C(18)-C(17)-H(17) 119.7 
C(17)-C(18)-C(13) 121.01(16) 
C(17)-C(18)-H(18) 119.5 
C(13)-C(18)-H(18) 119.5 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
  

!Table 3.6.   Anisotropic displacement parameters  (Å2x 103) for compound 3.96.  The 
anisotropic displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k 
a* b* U12 ] 
________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________  
O(1) 34(1)  44(1) 39(1)  6(1) 6(1)  -10(1) 
O(2) 18(1)  42(1) 36(1)  2(1) 4(1)  2(1) 
C(1) 21(1)  36(1) 27(1)  1(1) -2(1)  -4(1) 
C(2) 21(1)  38(1) 32(1)  -4(1) 4(1)  -2(1) 
C(3) 22(1)  32(1) 27(1)  -4(1) 1(1)  0(1) 
C(4) 16(1)  26(1) 26(1)  1(1) -1(1)  0(1) 
C(5) 18(1)  25(1) 25(1)  -1(1) 0(1)  1(1) 
C(6) 18(1)  33(1) 31(1)  1(1) 0(1)  1(1) 
C(7) 25(1)  36(1) 31(1)  2(1) 1(1)  -6(1) 
C(8) 21(1)  27(1) 25(1)  -1(1) 0(1)  -1(1) 
C(9) 20(1)  27(1) 25(1)  -2(1) 2(1)  0(1) 
C(10) 19(1)  25(1) 26(1)  -3(1) -1(1)  1(1) 
C(11) 18(1)  25(1) 26(1)  -1(1) 0(1)  -2(1) 
C(12) 21(1)  26(1) 30(1)  2(1) 0(1)  -1(1) 
C(13) 27(1)  29(1) 20(1)  -4(1) 2(1)  4(1) 
C(14) 38(1)  34(1) 28(1)  0(1) -1(1)  0(1) 
C(15) 58(1)  35(1) 32(1)  2(1) -8(1)  8(1) 
C(16) 47(1)  45(1) 27(1)  -7(1) -9(1)  21(1) 
C(17) 28(1)  49(1) 29(1)  -10(1) -4(1)  6(1) 
C(18) 28(1)  34(1) 26(1)  -3(1) 0(1)  2(1) 
________________________________________________________________________
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! Table 3.7.   Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2x 
10 3) for compound 3.96 
 
________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________  
  
H(2A) 10855 -330 8485 36 
H(2B) 10167 -147 7602 36 
H(3A) 7358 -624 7936 32 
H(3B) 8295 -1431 8627 32 
H(6A) 3928 1724 9100 33 
H(6B) 3786 309 8703 33 
H(7A) 3255 -1573 9752 37 
H(7B) 3219 -1019 10632 37 
H(8) 6180(20) -1527(15) 9943(10) 29 
H(9) 5510(20) 480(17) 11080(9) 29 
H(10) 6630(20) 2149(14) 10268(10) 28 
H(11) 9690(20) 756(17) 9840(10) 27 
H(12) 7710(20) 2571(15) 8847(10) 31 
H(14) 6496 -2134 11443 40 
H(15) 8591 -3119 12222 50 
H(16) 11248 -2089 12457 48 
H(17) 11719 -5 11951 43 
H(18) 9599 1008 11196 35 
________________________________________________________________________
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! Table 3.8.  Torsion angles [°] for compound 3.96 
.________________________________________________________________  
O(1)-C(1)-C(2)-C(3) -155.14(15) 
C(12)-C(1)-C(2)-C(3) 22.39(16) 
C(1)-C(2)-C(3)-C(4) -26.76(15) 
C(2)-C(3)-C(4)-C(5) -178.12(15) 
C(2)-C(3)-C(4)-C(12) 22.77(16) 
C(2)-C(3)-C(4)-C(11) -43.87(18) 
C(3)-C(4)-C(5)-C(6) -74.1(2) 
C(12)-C(4)-C(5)-C(6) 84.85(18) 
C(11)-C(4)-C(5)-C(6) 141.94(15) 
C(3)-C(4)-C(5)-C(8) 60.6(2) 
C(12)-C(4)-C(5)-C(8) -140.49(13) 
C(11)-C(4)-C(5)-C(8) -83.40(14) 
C(3)-C(4)-C(5)-C(10) 149.63(16) 
C(12)-C(4)-C(5)-C(10) -51.45(14) 
C(11)-C(4)-C(5)-C(10) 5.64(11) 
C(7)-O(2)-C(6)-C(5) -39.60(15) 
C(4)-C(5)-C(6)-O(2) 164.06(13) 
C(8)-C(5)-C(6)-O(2) 25.34(15) 
C(10)-C(5)-C(6)-O(2) -74.53(17) 
C(6)-O(2)-C(7)-C(8) 37.92(16) 
O(2)-C(7)-C(8)-C(9) 76.50(16) 
O(2)-C(7)-C(8)-C(5) -20.59(16) 
C(4)-C(5)-C(8)-C(7) -146.19(13) 
C(6)-C(5)-C(8)-C(7) -2.82(15) 
C(10)-C(5)-C(8)-C(7) 124.29(12) 
C(4)-C(5)-C(8)-C(9) 95.40(13) 
C(6)-C(5)-C(8)-C(9) -121.23(12) 
C(10)-C(5)-C(8)-C(9) 5.88(10) 
C(7)-C(8)-C(9)-C(13) 123.06(15) 
C(5)-C(8)-C(9)-C(13) -131.99(13) 
C(7)-C(8)-C(9)-C(10) -110.98(14) 
C(5)-C(8)-C(9)-C(10) -6.02(11) 
C(13)-C(9)-C(10)-C(11) 42.97(18) 
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!C(8)-C(9)-C(10)-C(11) -81.31(14) 
C(13)-C(9)-C(10)-C(5) 130.21(13) 
C(8)-C(9)-C(10)-C(5) 5.93(11) 
C(4)-C(5)-C(10)-C(11) -5.64(11) 
C(6)-C(5)-C(10)-C(11) -141.82(14) 
C(8)-C(5)-C(10)-C(11) 110.56(11) 
C(4)-C(5)-C(10)-C(9) -122.13(11) 
C(6)-C(5)-C(10)-C(9) 101.69(15) 
C(8)-C(5)-C(10)-C(9) -5.92(11) 
C(3)-C(4)-C(11)-C(12) 95.35(16) 
C(5)-C(4)-C(11)-C(12) -115.53(12) 
C(3)-C(4)-C(11)-C(10) -154.95(14) 
C(5)-C(4)-C(11)-C(10) -5.84(11) 
C(12)-C(4)-C(11)-C(10) 109.69(12) 
C(9)-C(10)-C(11)-C(12) 152.91(12) 
C(5)-C(10)-C(11)-C(12) 64.55(13) 
C(9)-C(10)-C(11)-C(4) 93.91(13) 
C(5)-C(10)-C(11)-C(4) 5.55(11) 
O(1)-C(1)-C(12)-C(11) -127.37(17) 
C(2)-C(1)-C(12)-C(11) 55.11(17) 
O(1)-C(1)-C(12)-C(4) 169.25(15) 
C(2)-C(1)-C(12)-C(4) -8.28(16) 
C(4)-C(11)-C(12)-C(1) -93.17(14) 
C(10)-C(11)-C(12)-C(1) -174.06(12) 
C(10)-C(11)-C(12)-C(4) -80.89(12) 
C(3)-C(4)-C(12)-C(1) -9.48(16) 
C(5)-C(4)-C(12)-C(1) -173.47(12) 
C(11)-C(4)-C(12)-C(1) 109.54(13) 
C(3)-C(4)-C(12)-C(11) -119.02(14) 
C(5)-C(4)-C(12)-C(11) 76.99(13) 
C(10)-C(9)-C(13)-C(14) -157.07(14) 
C(8)-C(9)-C(13)-C(14) -47.30(19) 
C(10)-C(9)-C(13)-C(18) 23.6(2) 
C(8)-C(9)-C(13)-C(18) 133.33(15) 
C(18)-C(13)-C(14)-C(15) -0.6(2) 
C(9)-C(13)-C(14)-C(15) 179.96(15) 

!C(13)-C(14)-C(15)-C(16) -0.9(3) 
C(14)-C(15)-C(16)-C(17) 1.7(3) 
C(15)-C(16)-C(17)-C(18) -0.9(2) 
C(16)-C(17)-C(18)-C(13) -0.7(2) 
C(14)-C(13)-C(18)-C(17) 1.5(2) 
C(9)-C(13)-C(18)-C(17) -179.15(14) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
 
!
(±)-(3aS,4R,4aR,4bS,4cS,5R)-4-
phenyldecahydrocyclopenta[2'',3'']cyclopropa[1'',2'':3',4']cyclobuta[1',2':1,4]cyclob
uta[1,2-c]furan-5-ol (3.97).  
 To a solution of compound 3.96 (11.0 mg, 0.0413 mmol) in MeOH (0.60 mL) at 0 
ºC was added slowly sodium borohydride (3.2 mg, 0.083 mmol). The reaction was 
allowed to stir at this temperature until judged complete (5 minutes) by TLC analysis (Rf 
of 3.97: 0.10 in 1:1 hexanes/EtOAc). The reaction crude was diluted by dichloromethane 
and carefully quenched with saturated aqueous ammonium chloride at 0 ºC. The aqueous 
layer was extracted with dichloromethane (3 × 5 mL). The combined organic layers were 
washed with brine (5 mL) and dried over anhydrous magnesium sulfate. The resulting 
solution after filtration was concentrated and immediately purified by silica gel column 
chromatography (75:25 hexanes/EtOAc with a gradient to 50:50 hexanes/EtOAc) to 
afford compound 3.97 (10.6 mg, 0.0392 mmol, 95% yield) as a colorless oil. 1H-NMR 
(400 MHz, CDCl3): δ 7.34 (2H, dt, J = 1.6, 7.6 Hz), 7.19-7.23 (3H, m), 4.55 (1H, m), 
4.00 (1H, d, J = 9.6 Hz), 3.80 (1H, dd, J = 5.6, 9.6 Hz), 3.72 (1H, d, J = 10.0 Hz), 3.62 
NaBH4
MeOH, 0 °C
95%O
O
PhH
H
3.96
O
HO
PhH
H
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!(1H, t, J = 6.8 Hz), 3.39 (1H, d, J = 9.6 Hz), 3.14 (1H, t, J = 6.4 Hz), 2.52 (1H, d, J = 7.6 
Hz), 1.99 (1H, dd, J = 7.2, 12.4 Hz), 1.91 (1H, dt, J = 7.6, 12.4 Hz), 1.74 (1H, m), 1.69 
(1H, s), 1.45 (1H, d, J = 4.8 Hz), 1.01 (1H, m); 13C-NMR (125 MHz, CDCl3): δ 141.7, 
128.4, 127.3, 126.1, 74.2, 74.1, 69.4, 52.9, 43.9, 43.8, 43.3, 34.8, 32.5, 30.5, 22.3, 16.2; 
IR (KBr thin film, CH2Cl2 solution): 3385 (w), 3037 (m), 3026 (m), 2924 (s), 2905 (m), 
2360 (s), 2341 (s), 1491 (w), 1054 (w), 779 (s), 743 (s), 682 (m), 540 (m) cm-1; DART-
HRMS (m/z): Calc’d for [M+H]+ (C18H21O2): 269.1542; Found: 269.1530. 
!
 In a pressure vessel with a stir bar were added a solution of compound 3.97 (32.2 
mg, 0.120 mmol) and butylated hydroxytoluene (BHT) (39.6 mg, 0.179 mmol) in dry 
benzene (12.0 mL). The reaction mixture was degassed for 5 minutes before the pressure 
vessel was sealed. Then the flask was immerged into a wax bath, heating from room 
temperature to 240 ºC. The reaction was heated at 240 ºC for additional 5 hours. After 
cooling to room temperature, the reaction mixture was concentrated and immediately 
purified by silica gel column chromatography (100:10 hexanes/EtOAc with a gradient to 
80:20 hexanes/EtOAc) to afford compound 3.102 (Rf: 0.70 in 1:1 hexanes/EtOAc, 20.7 
mg, 0.0769 mmol, 77% yield) and compound 3.103 (Rf: 0.55 in 1:1 hexanes/EtOAc, 4.1 
mg, 0.0153 mmol, 15% yield), both as colorless oils.  
(±)-(3aR,4R,6aS,7R)-4-phenyl-1,3,3a,4,6a,7,8,9-octahydroazuleno[4,5-c]furan-7-ol 
(3.102): 1H-NMR (500 MHz, C6D6): δ 7.30 (2H, dd, J = 1.5, 8.0 Hz), 7.19 (2H, m), 7.09 
(1H, m), 5.77 (1H, m), 5.33 (1H, dd, J = 2.0, 10.0 Hz), 4.03 (1H, d, J = 10.5 Hz), 3.93 
O
HO
PhH
H
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!(1H, t, J = 3.0 Hz), 3.89 (1H, t, J = 8.5 Hz), 3.74 (1H, m), 3.65 (1H, m), 3.28 (1H, br), 
3.19 (1H, m), 3.17 (1H, br), 2.41 (1H, m), 1.86 (1H, dd, J = 9.0, 16.5 Hz), 1.71 (1H, dd, J 
= 8.0, 13.0 Hz), 1.30 (1H, m); 13C-NMR (125 MHz, C6D6): δ 141.0, 135.1, 134.7, 132.7, 
131.0, 128.7, 127.4, 126.3, 77.1, 72.2, 71.6, 51.9, 48.0, 46.5, 33.2, 29.3; IR (KBr thin 
film, CH2Cl2 solution): 3059 (w), 3029 (m), 2934 (s), 2909 (m), 2359 (w), 2342 (w), 
1449 (w), 757 (s), 701 (m), 541 (w) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ 
(C18H21O2): 269.1542; Found: 269.1530. 
(±)-(3aS,4R,6aS,7R)-4-phenyl-1,3,3a,4,6a,7,8,9-octahydroazuleno[4,5-c]furan-7-ol 
(3.103): 1H-NMR (500 MHz, CDCl3): δ 7.31 (2H, t, J = 8.0 Hz), 7.23 (3H, m), 5.99 (2H, 
d, J = 1.0 Hz), 4.34-4.40 (2H, m), 4.33 (1H, d, J = 13.0 Hz), 3.64 (1H, d, J = 11.0 Hz), 
3.49 (1H, br), 3.46 (1H, t, J = 7.0 Hz), 3.14 (1H, dd, J = 8.0, 11.0 Hz), 3.08 (1H, br), 2.36 
(2H, br), 1.90 (2H, m); 13C-NMR (125 MHz, CDCl3): δ 143.8, 138.2, 134.3, 129.8, 128.8, 
128.0, 127.3, 126.7, 75.8, 73.4, 71.7, 48.3, 46.4, 46.0, 32.9, 27.9; IR (KBr thin film, 
CH2Cl2 solution): 3398 (br), 3035 (w), 3019 (w), 2959 (s), 2920 (s), 2853 (s), 2362 (w), 
1724 (w), 1384 (m), 1280 (w), 1066 (m), 762 (s), 572 (m) cm-1; DART-HRMS (m/z): 
Calc’d for [M+H]+ (C18H21O2): 269.1542; Found: 269.1551. 
 
(±)-(4S,5S,6S)-3-iodo-5-phenyl-8-oxatricyclo[4.3.0.01,4]non-2-ene (3.92b). 
 See representative procedure for the intramolecular cycloaddition of compound 
3.91a. Product was purified by silica gel column chromatography (Rf: 0.61 in 2:1 
hexanes/Et2O, 20:1 hexanes/Et2O with a gradient to 10:1 hexanes/Et2O) to afford 
(CO)3Fe
3.91b
I
O
Ph
CAN
acetone
45%
O
PhH
3.92b
I
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!compound 3.92b (45% yield) as a white solid (mp: 45-47 °C). 1H-NMR (500 MHz, 
CDCl3): δ 7.32 (3H, m), 7.24 (2H, d, J = 7.0 Hz), 6.90 (1H, d, J = 1.5 Hz), 4.09 (1H, dd, 
J = 1.5, 10.0 Hz), 3.91 (1H, d, J = 10.0 Hz), 3.85 (1H, dd, J = 6.5, 10.0 Hz), 3.64 (2H, dd, 
J = 8.0, 10.0 Hz), 3.56 (1H, dd, J = 5.5, 7.5 Hz), 2.99 (1H, m); 13C-NMR (125 MHz, 
CDCl3): δ 146.2, 138.9, 128.3, 128.2, 126.7, 92.6, 73.6, 69.6, 62.7, 56.7, 44.8, 43.2; IR 
(KBr thin film, CH2Cl2 solution): 3067 (m), 3039 (s), 3018 (m), 2959 (w), 2897 (s), 2835 
(w), 1530 (w), 1160 (w), 1060 (w), 853 (w), 710 (m), 594 (br) cm-1; DART-HRMS 
(m/z): Calc’d for [M+H]+ (C14H14IO): 325.0089; Found: 325.0087. 
 
(±)-(4R,5R,6S)-3-(2-(1,3-dioxolan-2-yl)ethyl)-5-phenyl-8-oxatricyclo[4.3.0.01,4]non-2-
ene (3.110). 
 See representative procedure for the preparation of compound 3.93. Product was 
purified by silica gel column chromatography (Rf: 0.37 in 1:1 hexanes/Et2O, 10:1 
hexanes/Et2O with a gradient to 3:1 hexanes/Et2O) to afford compound 3.110 (83% yield 
over 2 steps) as a colorless oil. 1H-NMR (500 MHz, CDCl3): δ 7.25 (2H, t, J = 7.5 Hz), 
7.17 (3H, m), 6.05 (1H, s), 4.67 (1H, t, J = 4.5 Hz), 4.05 (1H, d, J = 9.0 Hz), 3.84 (4H, 
m), 3.77 (2H, m), 3.64 (1H, d, J = 10.0 Hz), 3.41 (1H, dd, J = 5.0, 8.0 Hz), 3.30 (1H, d, J 
= 8.0 Hz), 2.86 (1H, t, J = 5.5 Hz), 1.61 (4H, m); 13C-NMR (125 MHz, CDCl3): δ 151.8, 
142.4, 128.2, 127.9, 127.3, 126.2, 104.2, 74.0, 70.5, 65.01, 64.99, 54.5, 50.6, 45.6, 43.1, 
31.1, 25.2; IR (KBr thin film, CH2Cl2 solution): 2939 (s), 2849 (s), 1409 (w), 1136 (s), 
O
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3.92b
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!1067 (s), 1036 (s), 943 (w), 897 (m), 712 (s), 866 (br), 551 (w) cm-1; DART-HRMS 
(m/z): Calc’d for [M+H]+ (C19H23O3): 299.1647; Found: 299.1636. 
 
(±)-3-((4R,5R,6S)-5-phenyl-8-oxatricyclo[4.3.0.01,4]non-2-en-3-yl)propanoic acid 
(3.111). 
 See representative procedure for the preparation of compound 3.94. Product was 
purified by silica gel column chromatography (Rf: 0.44 in 1:8 hexanes/Et2O, 5:1 
hexanes/EtOAc with a gradient to 1:1 hexanes/EtOAc) to afford compound 3.111 (59% 
yield over 2 steps) as a colorless oil. 1H-NMR (500 MHz, CDCl3): δ 7.27 (2H, t, J = 7.0 
Hz), 7.18 (3H, m), 6.09 (1H, d, J = 1.5 Hz), 4.07 (1H, d, J = 9.5 Hz), 3.86 (2H, dt, J = 3.0, 
9.5 Hz), 3.64 (1H, d, J = 9.5 Hz), 3.43 (1H, dd, J = 5.5, 7.5 Hz), 3.32 (1H, d, J = 8.5 Hz), 
2.88 (1H, t, J = 5.5 Hz), 2.24 (2H, m), 1.90 (1H, m), 1.75 (1H, m); 13C-NMR (125 MHz, 
CDCl3): δ 178.6, 150.4, 142.2, 128.6, 128.3, 127.3, 126.4, 73.9, 70.4, 54.6, 50.8, 45.4, 
43.0, 31.2, 25.6; IR (KBr thin film, CH2Cl2 solution): 3425 (w), 3183 (w), 2946 (m), 
1732 (m), 1710 (m), 1504 (w), 1463 (m), 1167 (w), 762 (s), 697 (w), 580 (w), 546 (w) 
cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C17H19O3): 271.1334; Found: 271.1345. 
 
(±)-1-diazo-4-((4R,5R,6S)-5-phenyl-8-oxatricyclo[4.3.0.01,4]non-2-en-3-yl)butan-2-
one (3.112). 
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! See representative procedure for the preparation of compound 3.95. Product was 
purified by silica gel column chromatography (Rf: 0.40 in 1:1 hexanes/Et2O, 20:1 
hexanes/Et2O with a gradient to 1:1 hexanes/Et2O) to afford compound 3.112 (72% yield 
over 2 steps) as a bright yellow oil. 1H-NMR (500 MHz, CDCl3): δ 7.27 (2H, m), 7.18 
(3H, m), 6.06 (1H, d, J = 1.5 Hz), 4.98 (1H, s), 4.06 (1H, d, J = 9.5 Hz), 3.85 (2H, dd, J = 
5.5, 9.5 Hz), 3.64 (1H, d, J = 10.0 Hz), 3.43 (1H, dd, J = 5.0, 8.0 Hz), 3.30 (1H, d, J = 8.0 
Hz), 2.87 (1H, t, J = 5.5 Hz), 2.16 (2H, br), 1.90 (1H, m), 1.75 (1H, m); 13C-NMR (125 
MHz, CDCl3): δ 194.0, 150.4, 142.2, 128.52, 128.46, 128.1, 127.2, 126.2, 73.8, 70.2, 
54.4, 50.6, 45.2, 42.8, 37.9, 25.8; IR (KBr thin film, CH2Cl2 solution): 3084 (w), 2956 
(m), 2846 (m), 2359 (m), 2341 (m), 2103 (s), 1643 (s), 1373 (s), 1350 (s), 1150 (m), 712 
(w), 552 (w) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C18H19O2N2): 295.1447; 
Found: 295.1443. 
 
(±)-(3aS,4R,4aR,7aR,7bR)-4-
phenyloctahydrocyclopenta[1'',3'']cyclopropa[1'',2'':3',4']cyclobuta[1',2':1,4]cyclob
uta[1,2-c]furan-7(1H)-one (3.113). 
 See representative procedure for the intramolecular cyclopropanation of diazo 
compound 3.95. Product was purified by silica gel column chromatography (Rf: 0.40 in 
1:1 hexanes/Et2O, 4:1 hexanes/Et2O with a gradient to 2:1 hexanes/Et2O) to afford 
compound 3.113 (quant. yield) as a sticky pale yellow oil. 1H-NMR (500 MHz, CDCl3): 
δ 7.34 (2H, t, J = 7.5 Hz), 7.28 (2H, d, J = 7.5 Hz), 7.23 (1H, t, J = 7.5 Hz), 3.97 (1H, d, J 
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!= 9.5 Hz), 3.87 (1H, dd, J = 6.5, 9.5 Hz), 3.79 (1H, t, J = 7.0 Hz), 3.73 (1H, d, J = 10.5 
Hz), 3.30 (1H, d, J = 10.0 Hz), 3.22 (1H, t, J = 6.5 Hz), 2.97 (1H, dd, J = 3.0, 8.0 Hz), 
2.34 (1H, d, J = 3.0 Hz), 1.91 (2H, m), 1.73 (1H, dt, J = 9.0, 13.5 Hz), 1.63 (1H, s), 1.22 
(1H, dd, J = 7.5, 13.0 Hz); 13C-NMR (125 MHz, CDCl3): δ 212.4, 141.8, 128.6, 126.7, 
126.4, 74.0, 70.0, 52.5, 45.1, 44.2, 43.6, 38.9, 38.8, 35.3, 30.0, 23.1; IR (KBr thin film, 
CH2Cl2 solution): 3060 (m), 3028 (s), 3007 (s), 2851 (m), 2359 (w), 1728 (m), 1451 (w), 
1384 (w), 1178 (w), 746 (w), 577 (w) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ 
(C18H19O2): 267.1385; Found: 267.1379. 
 
(±)-(3aS,4R,4aR,7S,7aR,7bR)-4-
phenyldecahydrocyclopenta[1'',3'']cyclopropa[1'',2'':3',4']cyclobuta[1',2':1,4]cyclob
uta[1,2-c]furan-7-ol (3.114). 
 See representative procedure for the reduction of compound 3.96. Product was 
purified by silica gel column chromatography (Rf: 0.34 in 1:2 hexanes/EtOAc, 4:1 
hexanes/EtOAc with a gradient to 1:2 hexanes/EtOAc) to afford compound 3.114 (99% 
yield) as a colorless oil. 1H-NMR (500 MHz, CDCl3): δ 7.32 (2H, t, J = 7.5 Hz), 7.25 
(2H, d, J = 7.5 Hz), 7.21 (1H, t, J = 7.0 Hz), 4.44 (1H, q, J = 7.0 Hz), 3.94 (1H, d, J = 9.5 
Hz), 3.84 (1H, dd, J = 6.5, 9.5 Hz), 3.76 (1H, d, J = 10.0 Hz), 3.71 (1H, t, J = 7.0 Hz), 
3.28 (1H, d, J = 9.5 Hz), 3.13 (1H, t, J = 6.5 Hz), 2.85 (1H, dd, J = 3.0, 8.0 Hz), 2.07 (1H, 
d, J = 2.5 Hz), 1.70 (1H, m), 1.33 (1H, d, J = 5.5 Hz), 1.29 (1H, m), 0.89 (2H, m); 13C-
NMR (125 MHz, CDCl3): δ 142.6, 128.3, 126.9, 126.0, 74.1, 73.0, 70.6, 51.2, 45.4, 44.9, 
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!44.4, 33.6, 33.2, 31.1, 24.3, 22.4; IR (KBr thin film, CH2Cl2 solution): 3363 (w), 3057 
(m), 3028 (s), 2952 (m), 2850 (w), 1492 (w), 1453 (w), 1384 (w), 1067 (w), 755 (s), 696 
(s), 540 (s) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C18H21O2): 269.1542; Found: 
269.1535. 
 
(±)-(4aR,5S,9R,9aR)-9-phenyl-1,3,4a,5,6,7,9,9a-octahydroazuleno[5,6-c]furan-5-ol 
(3.115). 
 See representative procedure for thermal fragmentation of compound 3.97. 
Product was purified by silica gel column chromatography (Rf: 0.52 in 1:2 
hexanes/EtOAc, 10:1 hexanes/EtOAc with a gradient to 3:1 hexanes/EtOAc) to afford 
compound 3.115 (49% yield) as a colorless oil. 1H-NMR (500 MHz, CDCl3): δ 7.20-7.29 
(5H, m), 5.91 (1H, s), 5.68 (1H, d, J = 2.5 Hz), 4.40 (1H, s), 4.07 (1H, d, J = 12.5 Hz), 
4.01 (1H, t, J = 8.0 Hz), 3.65-3.68 (2H, m), 3.58 (1H, s), 3.54 (1H, s), 3.49 (1H, d, J = 3.0 
Hz), 3.63 (1H, m), 2.51 (1H, m), 1.83 (2H, m); 13C-NMR (125 MHz, CDCl3): δ 144.9, 
141.0, 140.5, 130.2, 128.2, 127.0, 125.5, 118.2, 76.5, 72.0, 71.9, 49.0, 45.7, 45.4, 32.6, 
31.4; IR (KBr thin film, CH2Cl2 solution): 3430 (br), 3059 (s), 3037 (s), 2957 (m), 2852 
(m), 2358 (w), 2338 (w), 1600 (w), 1490 (w), 1450 (m), 1383 (m), 1062 (m), 751 (s), 699 
(w), 540 (m) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C18H21O2): 269.1542; 
Found: 269.1547. 
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! 
 In a 25 mL round bottom flask with condenser, stir bar and septum were placed 
compound 3.167 (1.578 g, 3.92 mmol), methyl acrylate (3.53 mL, 39.2 mmol), and 
Hoveyda-Grubbs second-generation catalyst (HG II) (61.4 mg, 2.5 mol %). The reaction 
mixture was heated to 60 ºC for overnight. After cooling to temperature, 300 wt.% silica 
gel was added into the flask and allowed to stir vigorously for 30 minutes. Filtration and 
concentrated provided a dark orange oil, which was then purified by silica gel column 
chromatography (Rf of mixture of 3.168a and 3.168b: 0.40 in 2:1 hexanes/Et2O, 20:1 
hexanes/Et2O with a gradient to 3:1 hexanes/Et2O) to afford a partially separable mixture 
of compound 3.168a and 3.168b (1.32 g, 2.86 mmol, 73% yield), both as orange oils. 
Iron, tricarbonyl[(E)-methyl 4-((2-iodocyclobuta-1,3-dien-1-yl)methoxy)but-2-
enoate] (3.168a): 1H-NMR (500 MHz, CDCl3): δ 6.97 (1H, dt, J = 4.0, 16.0 Hz), 6.13 
(1H, d, J = 16.0 Hz), 4.57 (1H, s), 4.42 (1H, s), 4.23 (2H, quintet, J = 2.0, 5.5 Hz), 3.82 
(2H, s), 3.76 (3H, s); 13C-NMR (125 MHz, CDCl3): δ 213.3, 166.9, 144.0, 121.5, 82.8, 
69.5, 67.5, 65.6, 63.1, 51.9, 26.9; IR (KBr thin film, CH2Cl2 solution): 3069 (s), 3039 (s), 
3016 (s), 2946 (m), 2897 (m), 2359 (w), 2048 (s), 1971 (s), 1717 (w), 1541 (w), 586 (w), 
536 (w) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C13H12O6FeI): 446.9028; Found: 
446.9011. 
Mixture of iron, tricarbonyl[(E)-methyl 4-((2-iodocyclobuta-1,3-dien-1-
yl)methoxy)but-2-enoate]compound and iron, tricarbonyl[(E)-methyl 3-((2-
iodocyclobuta-1,3-dien-1-yl)methoxy)but-2-enoate] (3.168a and 3.168b): 1H-NMR 
(CO)3Fe  2.5% HG II
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O
(CO)3Fe
I
O
CO2Me
73%
3.167 3.168a
I (CO)3Fe
3.168b
I
O
+
CO2Me

!(500 MHz, CDCl3): 6.96 (compound 3.168a, 1H, dt, J = 4.5, 16.0 Hz), 6.92 (compound 
3.168b, m), 6.13 (compound 3.168a, 1H, dt, J = 2.5, 15.5 Hz), 6.07 (compound 3.168b, 
1H, dt, J = 2.0, 15.5 Hz), 4.57 (compound 3.168a, 1H, s), 4.46 (compound 3.168b, 1H, s), 
4.42 (compound 3.168a, 1H, s), 4.23 (compound 3.168a, m), 4.17 (compound 3.168b, m), 
3.85 (compound 3.168b, 2H, s), 3.82 (compound 3.168a, 2H, d, J = 1.0 Hz), 3.76 (s). 
 
(±)-(4R,5R,6S)-methyl 2-iodo-8-oxatricyclo[4.3.0.01,4]non-2-ene-5-carboxylate (3.121). 
 See representative procedure for the intramolecular cycloaddition of compound 
3.91a. Product was purified by silica gel column chromatography (Rf: 0.71 in 1:1 
hexanes/Et2O, 10:1 hexanes/Et2O with a gradient to 3:1 hexanes/Et2O) to afford 
compound 3.121 (90% yield) as a sticky pale yellow oil. 1H-NMR (500 MHz, CDCl3): δ 
6.67 (1H, s), 4.02 (1H, dd, J = 1.5, 10.0 Hz), 3.83 (1H, d, J = 10.0 Hz), 3.81 (1H, dd, J = 
2.5, 10.0 Hz), 3.67 (3H, s), 3.59 (1H, d, J = 8.0 Hz), 3.39 (1H, d, J = 10.5 Hz), 3.01 (1H, 
dd, J = 5.5, 8.0 Hz), 2.72 (1H, dt, J = 1.5, 5.0 Hz); 13C-NMR (125 MHz, CDCl3): δ 172.8, 
145.2, 94.0, 72.8, 68.9, 65.2, 52.0, 49.9, 44.2, 42.0; IR (KBr thin film, CH2Cl2 solution): 
3446 (w), 3002 (w), 2973 (s), 2864 (s), 2844 (s), 2046 (m), 1980 (m), 1738 (s), 1532 (s), 
1436 (s), 1344 (s), 1263 (s), 1166 (s), 1053 (s), 890 (s) cm-1; DART-HRMS (m/z): 
Calc’d for [M+H]+ (C10H12O3I): 306.9831; Found: 306.9841. 
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(±)-(4S,5R,6S)-methyl 2-(2-(1,3-dioxolan-2-yl)ethyl)-8-oxatricyclo[4.3.0.01,4]non-2-
ene-5-carboxylate (3.169). 
 See representative procedure for the preparation of compound 3.93. Product was 
purified by silica gel column chromatography (Rf: 0.50 in 1:2 hexanes/Et2O, 10:1 
hexanes/Et2O with a gradient to 3:1 hexanes/Et2O) to afford compound 3.169 (98% yield 
over 2 steps) as a colorless oil. 1H-NMR (500 MHz, CDCl3): δ 5.83 (1H, t, J = 1.5 Hz), 
4.90 (1H, t, J = 5.0 Hz), 3.99 (1H, dd, J = 1.5, 10.0 Hz), 3.92- 3.98 (2H, m), 3.84-3.89 
(2H, m), 3.80 (1H, d, J = 10.0 Hz), 3.76 (1H, dd, J = 6.5, 10.0 Hz), 3.64 (3H, s), 3.62 (1H, 
d, J = 10.0 Hz), 3.16 (1H, d, J = 8.5 Hz), 3.00 (1H, dd, J = 5.0, 8.5 Hz), 2.78-2.80 (1H, 
m), 2.20-2.24 (2H, m), 1.82-1.86 (2H, m); 13C-NMR (125 MHz, CDCl3): δ 173.8, 151.5, 
128.1, 104.0, 73.1, 69.2, 65.19, 65.18, 59.2, 51.7, 43.6, 43.4, 43.3, 31.0, 23.2; IR (KBr 
thin film, CH2Cl2 solution): 3059 (m), 3021 (m), 2957 (m), 2914 (s), 2359 (w), 2347 (w), 
1733 (s), 1241 (m), 1139 (m), 1031 (m), 906 (w) cm-1; DART-HRMS (m/z): Calc’d for 
[M+H]+ (C15H21O5): 281.1378; Found: 281.1389. 
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(±)-3-((4S,5R,6S)-5-(methoxycarbonyl)-8-oxatricyclo[4.3.0.01,4]non-2-en-2-
yl)propanoic acid (3.170). 
 See representative procedure for the preparation of compound 3.94. Product was 
purified by silica gel column chromatography (Rf: 0.11 in 1:2 hexanes/EtOAc, 10:1 
toluene/AcOH with a gradient to 6:1 toluene/AcOH) to afford compound 3.170 (33% 
yield over 2 steps) as a colorless oil. [Note: volatility of the aldehyde intermediate is 
believed to be responsible for the low yield.] 1H-NMR (400 MHz, CDCl3): δ 5.88 (1H, t, 
J = 1.5 Hz), 4.01 (1H, dd, J = 1.5, 10.0 Hz), 3.81 (1H, d, J = 10.0 Hz), 3.78 (1H, dd, J = 
6.5, 10.0 Hz), 3.65 (3H, s), 3.63 (1H, d, J = 10.0 Hz), 3.17 (1H, d, J = 8.0 Hz), 3.02 (1H, 
dd, J = 5.0, 8.0 Hz), 2.79-2.81 (1H, m), 2.57 (2H, t, J = 7.5 Hz), 2.43 (2H, t, J = 7.5 Hz); 
13C-NMR (100 MHz, CDCl3): δ 178.2, 173.7, 150.2, 129.0, 73.1, 69.0, 59.1, 51.8, 43.6, 
43.22, 43.15, 31.3, 23.8; IR (KBr thin film, CH2Cl2 solution): 3246 (br), 3047 (w), 2956 
(s), 2867 (m), 1732 (s), 1436 (w), 1243 (m), 1170 (m), 1057 (w), 902 (w) cm-1; DART-
HRMS (m/z): Calc’d for [M+H]+ (C13H17O5): 253.1076; Found: 253.1081. 
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(±)-(4S,5R,6S)-methyl 2-(4-diazo-3-oxobutyl)-8-oxatricyclo[4.3.0.01,4]non-2-ene-5-
carboxylate (3.171). 
 See representative procedure for the preparation of compound 3.95. Product was 
purified by silica gel column chromatography (Rf: 0.12 in 1:1 hexanes/Et2O, 2:1 
hexanes/Et2O with a gradient to 1:4 hexanes/Et2O) to afford compound 3.171 (68% yield 
over 2 steps) as a bright yellow oil. 1H-NMR (500 MHz, CDCl3): δ 5.82 (1H, s), 5.29 
(1H, br), 3.98 (1H, d, J = 10.0 Hz), 3.78 (1H, d, J = 10.0 Hz), 3.74 (1H, dd, J = 7.0, 10.0 
Hz), 3.63 (3H, s), 3.61 (1H, d, J = 10.0 Hz), 3.14 (1H, d, J = 8.5 Hz), 2.99 (1H, dd, J = 
5.0, 8.5 Hz), 2.75 (1H, t, J = 5.5 Hz), 2.49 (2H, br), 2.40 (2H, t, J = 2.5 Hz); 13C-NMR 
(125 MHz, CDCl3): δ 193.6, 173.7, 150.6, 128.7, 73.0, 69.0, 59.1, 54.7, 51.72, 51.70, 
43.5, 43.2, 37.7, 23.8; IR (KBr thin film, CH2Cl2 solution): 3079 (w), 3026 (w), 2957 (w), 
2840 (w), 2105 (s), 1730 (s), 1641 (s), 1436 (w), 1369 (s), 1241 (m), 1169 (m), 1056 (w), 
906 (w), 754 (w) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C14H17O4N2): 277.1188; 
Found: 277.1191. 
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(±)-(3aS,4R,4aS,4bS,4cS)-methyl 5-
oxodecahydrocyclopenta[2'',3'']cyclopropa[1'',2'':3',4']cyclobuta[1',2':1,4]cyclobuta
[1,2-c]furan-4-carboxylate (3.172). 
 See representative procedure for the intramolecular cyclopropanation of diazo 
compound 3.95. Product was purified by silica gel column chromatography (Rf: 0.38 in 
1:2 hexanes/EtOAc, 20:1 hexanes/EtOAc with a gradient to 1:1 hexanes/EtOAc) to afford 
compound 3.172 (77% yield) as a white solid (mp: 90-106 ºC). 1H-NMR (500 MHz, 
CDCl3): δ 3.95 (1H, d, J = 10.0 Hz), 3.75 (1H, dd, J = 6.5, 10.0 Hz), 3.73 (3H, s), 3.62 
(1H, d, J = 10.0 Hz), 3.38 (1H, d, J = 10.5 Hz), 3.26 (1H, t, J = 5.5 Hz), 3.21 (1H, dd, J = 
6.0, 8.0 Hz), 2.51 (1H, d, J = 8.0 Hz), 2.33 (1H, m), 2.18 (1H, m), 2.06-2.13 (3H, m), 
1.70 (1H, s); 13C-NMR (125 MHz, CDCl3): δ 211.9, 173.0, 73.4, 69.0, 53.7, 51.9, 42.5, 
41.9, 41.0, 39.7, 37.5, 35.0, 24.2, 20.7; IR (KBr thin film, CH2Cl2 solution): 3060 (w), 
3028 (m), 2919 (s), 2850 (w), 2360 (w), 2341 (w), 1730 (s), 1448 (w), 1357 (w), 1266 
(w), 1173 (m), 1057 (w), 908 (w), 755 (w), 697 (w), 519 (w) cm-1; DART-HRMS (m/z): 
Calc’d for [M+H]+ (C14H17O4): 249.1127; Found: 249.1139. 
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(±)-(3aS,4R,4aS,4bS,4cS,5R)-methyl 5-
hydroxydecahydrocyclopenta[2'',3'']cyclopropa[1'',2'':3',4']cyclobuta[1',2':1,4]cyclo
buta[1,2-c]furan-4-carboxylate (3.104). 
See representative procedure for the reduction of compound 3.96. Product was purified 
by silica gel column chromatography (Rf: 0.37 in 1:2 hexanes/EtOAc, 5:1 
hexanes/EtOAc with a gradient to 1:3 hexanes/EtOAc) to afford compound 3.104 (81% 
yield) as a colorless oil. 1H-NMR (500 MHz, CDCl3): δ 4.56 (1H, dd, J = 8.5, 13.5 Hz), 
3.89 (1H, d, J = 9.5 Hz), 3.71 (3H, s), 3.69 (1H, dd, J = 6.5, 10.0 Hz), 3.61 (1H, d, J = 
10.0 Hz), 3.30 (1H, d, J = 10.0 Hz), 3.17 (1H, t, J = 6.5 Hz), 3.12 (1H, dd, J = 6.0, 7.5 
Hz), 2.37 (1H, d, J = 8.0 Hz), 1.99 (1H, dd, J = 7.5, 12.5 Hz), 1.92 (1H, dt, J = 7.5, 13.0 
Hz), 1.81 (2H, s), 1.68 (1H, m), 1.39 (1H, d, J = 5.0 Hz), 1.09 (1H, m); 13C-NMR (125 
MHz, CDCl3): δ 173.5, 73.9, 73.6, 69.2, 53.8, 51.8, 42.8, 41.4, 40.7, 34.6, 32.3, 30.4, 
22.2, 17.0; IR (KBr thin film, CH2Cl2 solution): 3081 (w), 3060 (w), 3028 (m), 2926 (s), 
1732 (w), 1600 (w), 1493 (w), 1449 (w), 1059 (w), 1028 (m), 755 (m), 698 (m), 539 (m) 
cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C14H19O4): 251.1283; Found: 251.1288. 
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 See representative procedure for thermal fragmentation of compound 3.97. 
Products were purified by silica gel column chromatography (20:1 hexanes/EtOAc with a 
gradient to 3:1 hexanes/EtOAc) to afford compound 3.105 (Rf: 0.41 in 1:2 
hexanes/EtOAc, 50% yield) and compound 3.106 (Rf: 0.39 in 1:2 hexanes/EtOAc, 21% 
yield), both as colorless oils. 
(±)-(3aR,4R,6aS,7R)-methyl 7-hydroxy-1,3,3a,4,6a,7,8,9-octahydroazuleno[4,5-
c]furan-4-carboxylate (3.105): 1H-NMR (500 MHz, C6D6): δ 5.62 (2H, m), 4.32 (1H, 
dd, J = 1.0, 13.0 Hz), 4.13 (1H, t, J = 3.5 Hz), 4.02 (1H, dd, J = 1.5, 12.5 Hz), 3.83 (1H, 
dd, J = 5.0, 9.0 Hz), 3.75 (1H, t, J = 9.5 Hz), 3.26 (3H, s), 3.04 (1H, br), 2.93 (1H, dt, J = 
2.0, 5.0 Hz), 2.84 (1H, quintet, 1.5 Hz), 2.30 (1H, m), 1.91 (1H, dd, J = 8.5, 13.0 Hz), 
1.85 (1H, ddd, J = 1.5, 9.5, 16.5 Hz), 1.39 (2H, m); 13C-NMR (100 MHz, C6D6): δ 173.2, 
133.1, 132.2, 131.6, 76.7, 73.6, 71.9, 53.8, 52.3, 47.7, 44.8, 33.8, 28.8; IR (KBr thin film, 
CH2Cl2 solution): 3397 (br), 3070 (w), 3042 (s), 2950 (m), 2922 (m), 2870 (m), 2840 (w), 
2359 (s), 2342 (s), 1721 (s), 1435 (m), 1266 (m), 1198 (s), 1171 (s), 1066 (m), 1016 (w), 
748 (w), 701 (s), 531 (w) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C14H19O4): 
251.1283; Found: 251.1275. 
(±)-(3aS,4R,6aS,7R)-methyl 7-hydroxy-1,3,3a,4,6a,7,8,9-octahydroazuleno[4,5-
c]furan-4-carboxylate (3.106): 1H-NMR (400 MHz, C6D6): 6.11 (1H, dq, J = 2.8, 10.8 
Hz), 5.91 (1H, ddd, J = 2.4, 3.2, 10.8 Hz), 4.24 (1H, t, J = 7.6 Hz), 4.21 (1H, dm, J = 15.2 
Hz), 4.13 (1H, dm, J = 12.8 Hz), 3.81 (1H, t, J = 3.6 Hz), 3.47 (1H, dd, J = 8.0, 11.2 Hz), 
O
HO
CO2MeH
H
BHT
PhH, 240 °C, 5 h O
CO2Me
HO
H
H
O
CO2Me
HO
H
H
+
3.104 3.105 3.106
50% 21%

!3.39 (1H, ddq, J = 1.2, 2.8, 5.6 Hz), 3.26 (3H, s), 3.01 (1H, br), 2.81 (1H, br), 1.96 (1H, 
m), 1.76 (1H, dd, J = 9.6, 17.6 Hz), 1.46 (1H, dd, J = 8.4, 13.2 Hz), 1.27 (2H, m); 13C-
NMR (100 MHz, C6D6): δ 173.8, 133.7, 130.8, 130.7, 130.6, 75.6, 73.0, 71.5, 51.7, 48.2, 
46.0, 42.8, 33.4, 28.3; IR (KBr thin film, CH2Cl2 solution): 3369 (br), 3060 (s), 3027 (s), 
2910 (s), 2850 (m), 2360 (m), 2341 (m), 1737 (m), 1492 (w), 1449 (m), 1331 (w), 1260 
(w), 1196 (w), 1160 (m), 1079 (w), 1041 (w), 753 (m), 697 (m), 544 (w) cm-1; DART-
HRMS (m/z): Calc’d for [M+H]+ (C14H19O4): 251.1283; Found: 251.1284. 
 
(±)-(4S,5S,6S)-methyl 3-iodo-8-oxatricyclo[4.3.0.01,4]non-2-ene-5-carboxylate (3.173). 
 See representative procedure for the intramolecular cycloaddition of compound 
3.91a. Product was purified by silica gel column chromatography (Rf: 0.64 in 1:1 
hexanes/Et2O, 10:1 hexanes/Et2O with a gradient to 3:1 hexanes/Et2O) to afford 
compound 3.173 (90% yield) as a white solid (mp: 97-100 ºC). 1H-NMR (400 MHz, 
CDCl3): δ 6.85 (1H, d, J = 1.6 Hz), 3.98 (1H, d, J = 9.6 Hz), 3.81 (1H, d, J = 10.0 Hz), 
3.75 (1H, dd, J = 6.4, 10.0 Hz), 3.71 (3H, s), 3.57 (1H, d, J = 8.8 Hz), 3.55 (1H, d, J = 
10.0 Hz), 3.03 (1H, dd, J = 5.6, 8.8 Hz), 2.94 (1H, t, J = 5.2 Hz); 13C-NMR (100 MHz, 
CDCl3): δ 171.5, 147.2, 91.0, 72.6, 69.3, 63.2, 54.3, 51.6, 42.2, 41.0; IR (KBr thin film, 
CH2Cl2 solution): 2950 (m), 2860 (m), 2837 (m), 1730 (s), 1532 (m), 1435 (m), 1290 (m), 
1237 (m), 1174 (s), 1055 (m), 908 (m), 412 (s) cm-1; DART-HRMS (m/z): Calc’d for 
[M+H]+ (C10H12O3I): 306.9831; Found: 306.9839. 
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(±)-(4R,5R,6S)-methyl 3-(2-(1,3-dioxolan-2-yl)ethyl)-8-oxatricyclo[4.3.0.01,4]non-2-
ene-5-carboxylate (3.174). 
 See representative procedure for the preparation of compound 3.93. Product was 
purified by silica gel column chromatography (Rf: 0.41 in 1:1 hexanes/EtOAc, 20:1 
hexanes/EtOAc with a gradient to 3:1 hexanes/EtOAc) to afford compound 3.174 (91% 
yield over 2 steps) as a colorless oil. 1H-NMR (400 MHz, CDCl3): δ 5.90 (1H, q, J = 1.6 
Hz), 4.85 (1H, t, J = 4.8 Hz), 3.95 (1H, d, J = 8.8 Hz), 3.91-3.94 (2H, m), 3.80-3.83 (2H, 
m), 3.73 (2H, dd, J = 6.4, 10.0 Hz), 3.63 (3H, s), 3.55 (1H, d, J = 9.6 Hz), 3.21 (1H, d, J 
= 8.4 Hz), 2.95 (1H, dd, J = 4.8, 8.8 Hz), 2.79 (1H, t, J = 4.8 Hz), 2.07-2.14 (2H, m), 
1.76-1.81 (2H, m); 13C-NMR (100 MHz, CDCl3): δ 173.6, 150.7, 128.9, 104.1, 76.9, 
73.1, 65.09, 65.05, 55.4, 51.5, 47.3, 43.7, 41.0, 31.2, 24.4; IR (KBr thin film, CH2Cl2 
solution): 3040 (w), 2956 (s), 2868 (s), 1730 (s), 1437 (m), 1410 (m), 1267 (m), 1238 (m), 
1170 (m), 1140 (m), 1040 (m) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C15H21O5): 
281.1389; Found: 281.1395. 
 
 
 
 
O
CO2Me
+
O
O
1) 9-BBN, THF, 0 °C to rt
2) PdCl2(dppf), DMF/H2O, Cs2CO3 
    Ph3As,  80 °C, 15 h
H
91%
O
CO2MeH
3.1743.173
I
O
O

! 
(±)-3-((4R,5R,6S)-5-(methoxycarbonyl)-8-oxatricyclo[4.3.0.01,4]non-2-en-3-
yl)propanoic acid (3.175). 
 See representative procedure for the preparation of compound 3.94. Product was 
purified by silica gel column chromatography (Rf: 0.07 in 1:1 hexanes/EtOAc, 3:1 
hexanes/EtOAc with a gradient to 1:1 hexanes/EtOAc) to afford compound 3.175 (50% 
yield over 2 steps) as a colorless oil. 1H-NMR (400 MHz, CDCl3): δ 6.04 (1H, t, J = 1.6 
Hz), 3.99 (1H, dd, J = 1.2, 9.6 Hz), 3.77 (1H, d, J = 10.0 Hz), 3.75 (1H, dd, J = 6.4, 10.0 
Hz), 3.65 (3H, s), 3.57 (1H, d, J = 10.0 Hz), 3.23 (1H, dd, J = 0.4, 8.8 Hz), 2.99 (1H, dd, 
J = 4.8, 8.8 Hz), 2.81 (1H, t, J = 6.4 Hz), 2.51 (2H, m), 2.34 (2H, m); 13C-NMR (100 
MHz, CDCl3): δ 178.6, 173.6, 149.5, 129.6, 73.0, 70.0, 55.4, 51.6, 47.2, 43.9, 41.0, 31.5, 
25.2; IR (KBr thin film, CH2Cl2 solution): 3484 (br), 3027 (w), 2839 (w), 1738 (s), 1694 
(s), 1434 (s), 1170 (m), 1099 (m), 993 (m), 900 (m), 834 (m), 427 (w) cm-1; DART-
HRMS (m/z): Calc’d for [M+H]+ (C13H17O5): 253.1076; Found: 253.1085. 
 
(±)-(4R,5R,6S)-methyl 3-(4-diazo-3-oxobutyl)-8-oxatricyclo[4.3.0.01,4]non-2-ene-5-
carboxylate (3.176). 
 See representative procedure for the preparation of compound 3.95. Product was 
purified by silica gel column chromatography (Rf: 0.27 in 1:1 hexanes/EtOAc, 10:1 
1) TsOH, acetone/H2O, reflux
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!hexanes/EtOAc with a gradient to 1:1 hexanes/EtOAc) to afford compound 3.176 (60% 
yield over 2 steps) as a bright yellow oil. 1H-NMR (400 MHz, CDCl3): δ 5.99 (1H, t, J = 
1.6 Hz), 5.26 (1H, s), 3.94 (1H, dd, J = 1.2, 9.6 Hz), 3.70-3.75 (2H, m), 3.63 (3H, s), 3.53 
(1H, d, J = 10.0 Hz), 3.19 (1H, d, J = 8.8 Hz), 2.95 (1H, dd, J = 4.8, 8.8 Hz), 2.77 (1H, t, 
J = 6.4 Hz), 2.46 (2H, m), 2.30 (2H, t, J = 7.6 Hz); 13C-NMR (100 MHz, CDCl3): δ 
193.9, 173.6, 149.7, 129.5, 73.0, 70.1, 55.5, 54.5, 51.6, 47.3, 44.0, 41.0, 38.0, 25.3; IR 
(KBr thin film, CH2Cl2 solution): 3479 (br), 2955 (m), 2107 (s), 1729 (s), 1640 (s), 1371 
(s), 1268 (s), 1170 (m), 1098 (w), 1066 (w) cm-1; DART-HRMS (m/z): Calc’d for 
[M+H]+ (C14H17O4N2): 277.1188; Found: 277.1188. 
 
(±)-(3aS,4R,4aR,7aR,7bR)-methyl 7-
oxodecahydrocyclopenta[1'',3'']cyclopropa[1'',2'':3',4']cyclobuta[1',2':1,4]cyclobuta
[1,2-c]furan-4-carboxylate (3.177). 
 See representative procedure for the intramolecular cyclopropanation of diazo 
compound 3.95. Product was purified by silica gel column chromatography (Rf: 0.32 in 
1:1 hexanes/EtOAc, 10:1 hexanes/EtOAc with a gradient to 3:1 hexanes/EtOAc) to afford 
compound 3.177 (57% yield) as a pale yellow oil with a small amount of inseparable 
impurity. [Note: intermolecular C-H insertion between compound 3.176 and CH2Cl2 was 
observed in this case, which dramatically decreased the yield of the desired 
transformation.] 1H-NMR (500 MHz, CDCl3): δ 3.88 (1H, d, J = 10.0 Hz), 3.74 (1H, m), 
3.73 (3H, s), 3.64 (1H, d, J = 10.5 Hz), 3.22 (3H, m), 2.81 (1H, dd, J = 3.0, 8.5 Hz), 2.38 
O
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!(1H, d, J = 3.0 Hz), 2.18 (1H, m), 2.13 (3H, m), 1.63 (1H, s); 13C-NMR (125 MHz, 
CDCl3): δ 211.6, 173.7, 73.4, 69.8, 53.4, 51.9, 42.8, 42.6, 41.7, 38.4, 37.8, 35.3, 29.2, 
21.8; IR (KBr thin film, CH2Cl2 solution): 3060 (s), 3026 (s), 2915 (s), 1729 (s), 1270 
(w), 1176 (m), 750 (w) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C14H17O4): 
249.1129; Found: 249.1119. 
 
(±)-(3aS,4R,4aR,7S,7aR,7bR)-methyl 7-
hydroxydecahydrocyclopenta[1'',3'']cyclopropa[1'',2'':3',4']cyclobuta[1',2':1,4]cyclo
buta[1,2-c]furan-4-carboxylate (3.116). 
 See representative procedure for the reduction of compound 3.96. Product was 
purified by silica gel column chromatography (Rf: 0.06 in 1:1 hexanes/EtOAc, 1:1 
hexanes/EtOAc with a gradient to 100% EtOAc) to afford compound 3.116 (89% yield) 
as a colorless oil. 1H-NMR (500 MHz, CDCl3): δ 4.52 (1H, br), 3.84 (1H, d, J = 9.5 Hz), 
3.71 (1H, m), 3.70 (3H, s), 3.66 (1H, d, J = 10.0 Hz), 3.19 (1H, d, J = 10.5 Hz), 3.12 (1H, 
quintet, J = 5.0 Hz), 2.70 (1H, dd, J = 2.5, 7.5 Hz), 2.12 (1H, d, J = 2.5 Hz), 1.93 (2H, m), 
1.77 (1H, dd, J = 7.0, 12.0 Hz), 1.69 (1H, dt, J = 7.0, 11.5 Hz), 1.45 (1H, d, J = 3.0 Hz), 
1.34 (1H, d, J = 5.5 Hz), 1.11 (1H, m); 13C-NMR (125 MHz, CDCl3): δ 174.2, 73.5, 73.0, 
70.3, 52.3, 51.8, 43.2, 42.9, 42.6, 33.4, 32.6, 31.0, 23.1, 21.9; IR (KBr thin film, CH2Cl2 
solution): 3441 (w), 3060 (s), 3040 (s), 2921 (s), 2359 (w), 1732 (m), 1449 (w), 1265 (w), 
1174 (w), 1070 (w), 758 (w), 595 (w) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ 
(C14H19O4): 251.1283; Found: 251.1283. 
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(±)-(4aR,5S,9R,9aR)-methyl 5-hydroxy-1,3,4a,5,6,7,9,9a-octahydroazuleno[5,6-
c]furan-9-carboxylate (3.117). 
 See representative procedure for thermal fragmentation of compound 3.97. 
Products were purified by silica gel column chromatography (Rf: 0.14 in 1:1 
hexanes/EtOAc, 5:1 hexanes/EtOAc with a gradient to 1:2 hexanes/EtOAc) to afford 
compound 3.117 (70% yield) as a colorless oil. 1H-NMR (500 MHz, C6D6): δ 5.63 (1H, 
s), 5.45 (1H, dd, J = 2.0, 6.0 Hz), 4.50 (1H, d, J = 12.0 Hz), 4.19 (1H, d, J = 12.0 Hz), 
3.99 (1H, t, J = 3.5 Hz), 3.81 (2H, d, J = 7.0 Hz), 3.30 (3H, s), 2.97-3.01 (3H, m), 2.41 
(1H, m), 2.17 (1H, dd, J = 10.5, 15.5 Hz), 1.63-1.68 (1H, m), 1.36-1.44 (1H, m); 13C-
NMR (125 MHz, CDCl3): δ 172.9, 145.6, 144.4, 119.7, 118.4, 75.9, 73.0, 72.8, 51.9, 
50.0, 46.4, 43.9, 32.8, 32.2; IR (KBr thin film, CH2Cl2 solution): 3422 (br), 3059 (s), 
3026 (m), 2902 (w), 2359 (s), 2341 (s), 1735 (m), 1491 (w), 1450 (m), 1196 (m), 1168 
(m), 1062 (w), 757 (s), 698 (s), 540 (m) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ 
(C14H19O4): 251.1283; Found: 251.1287. 
 
 To a solution of compound 3.90 (31.1 mg, 0.080 mmol) in CH2Cl2 (0.16 mL) 
under N2 atmosphere at room temperature was slowly added in boron trifluoride etherate 
(11.2 µL, 0.088 mmol). The reaction was allowed to stir at room temperature for 30 
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!minutes until judged complete by TLC analysis (Rf of mixture of 3.178a and 3.178b: 
0.65 in 2:1 hexanes/Et2O). The mixture then was transferred into a separation funnel with 
saturated aqueous sodium bicarbonate (5 mL). The aqueous layer was extracted with 
CH2Cl2 (3 × 5 mL). The combined organic layers were washed with brine (5 mL) and 
dried over anhydrous magnesium sulfate. The resulting solution was concentrated and 
immediately purified by silica gel column chromatography (20:1 hexanes/Et2O with a 
gradient to 10:1 hexanes/Et2O) to afford a partially separable mixture of compound 
3.178a and 3.178b (29.7 mg, 0.059 mmol, 74% yield), both as orange oils. 
Mixture of iron, tricarbonyl[(E)-5-(4-iodocyclobuta-1,3-dien-1-yl)-4,4-dimethyl-1-
phenylpent-1-en-3-one ] and iron, tricarbonyl[(E)-5-(3-iodocyclobuta-1,3-dien-1-yl)-
4,4-dimethyl-1-phenylpent-1-en-3-one ] (3.178a and 3.178b): 1H-NMR (500 MHz, 
CDCl3): δ 7.74 (compound 3.178b, 1H, d, J = 15.5 Hz), 7.73 (compound 3.178a, 1H, d, J 
= 16.0 Hz), 7.59 (m), 7.41 (m), 7.10 (compound 3.178a, 1H, d, J = 16.0 Hz), 7.08 
(compound 3.178b, 1H, d, J = 15.5 Hz), 4.38 (compound 3.178a, 1H, s), 4.30 (compound 
3.178b, 2H, s), 4.22 (compound 3.178a, 1H, s), 2.53 (compound 3.178a, 1H, d, J = 15.0 
Hz), 2.22 (compound 3.178b, 2H, s), 2.00 (compound 3.178a, 1H, d, J = 14.5 Hz), 1.39 
(s), 1.32 (s), 1.31 (s); DART-HRMS (m/z): Calc’d for [M+H]+ (C20H18O4FeI) : 504.9599; 
Found: 504.9577. 
 
 See representative procedure for the intramolecular cycloaddition of compound 
3.91a. Products were purified by silica gel column chromatography (100:1 
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!hexanes/EtOAc with a gradient to 50:1 hexanes/EtOAc) to afford compound 3.179 (Rf: 
0.65 in 1:1 hexanes/EtOAc) and 3.184 (Rf: 0.57 in 1:1 hexanes/EtOAc), both as pale 
yellow oils (51% combined yield). 
(±)-(4R,5R,6S)-2-iodo-8,8-dimethyl-5-phenyltricyclo[4.3.0.01,4]non-2-en-7-one (3.179): 
1H-NMR (500 MHz, CDCl3): δ 7.28 (2H, t, J = 8.5 Hz), 7.21 (1H, t, J = 7.0 Hz), 7.11 
(2H, d, J = 8.0 Hz), 6.47 (1H, d, J = 1.0 Hz), 3.88 (1H, d, J = 7.5 Hz), 3.69 (1H, dd, J = 
6.0, 7.0 Hz), 2.83 (1H, d, J = 5.5 Hz), 1.96 (2H, dd, J = 14.5, 20.0 Hz), 1.30 (3H, s), 1.22 
(3H, s); 13C-NMR (125 MHz, CDCl3): δ 222.2, 145.5, 140.4, 128.5, 127.4, 126.8, 99.6, 
59.3, 54.4, 51.6, 49.1, 43.1, 41.7, 27.1, 26.0; IR (KBr thin film, CH2Cl2 solution): 2961 
(s), 2926 (w), 2869 (m), 2046 (s), 1976 (s), 1732 (s), 1538 (m), 1464 (m), 1261 (w), 1152 
(w), 1097 (m), 782 (m), 522 (m) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ 
(C17H18OI): 365.0402; Found: 365.0399. 
(±)-(4R,5R,6S)-3-iodo-8,8-dimethyl-5-phenyltricyclo[4.3.0.01,4]non-2-en-7-one (3.184): 
1H-NMR (500 MHz, CDCl3): δ 7.30-7.33 (2H, m), 7.22-7.26 (3H, m), 6.89 (1H, d, J = 
1.5 Hz), 3.86 (1H, dd, J = 5.0, 8.0 Hz), 3.77 (1H, dd, J = 1.5, 8.5 Hz), 3.08 (1H, d, J = 5.0 
Hz), 2.18 (1H, d, J = 14.5 Hz), 2.07 (1H, d, J = 14.5 Hz), 1.30 (3H, s), 1.18 (3H, s); 13C-
NMR (125 MHz, CDCl3): δ 222.7, 150.2, 137.5, 128.3, 128.2, 126.9, 92.1, 58.0, 57.0, 
50.2, 49.0, 43.3, 42.9, 27.3, 25.9; IR (KBr thin film, CH2Cl2 solution): 2962 (m), 2868 
(w), 2359 (w), 2341 (w), 1730 (s), 1537 (w), 1097 (w), 1054 (w), 697 (w), 543 (m) cm-1; 
DART-HRMS (m/z): Calc’d for [M+H]+ (C17H18OI): 365.0402; Found: 365.0390. 
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(±)-(4S,5R,6S)-2-(2-(1,3-dioxolan-2-yl)ethyl)-8,8-dimethyl-5-
phenyltricyclo[4.3.0.01,4]non-2-en-7-one (3.180). 
 See representative procedure for the preparation of compound 3.93. Product was 
purified by silica gel column chromatography (Rf: 0.59 in 1:1 hexanes/EtOAc, 100:1 
hexanes/EtOAc with a gradient to 10:1 hexanes/EtOAc) to afford compound 3.180 (66% 
yield over 2 steps) as a colorless oil. 1H-NMR (500 MHz, CDCl3): δ 7.26 (2H, t, J = 8.5 
Hz), 7.16 (1H, t, J = 7.0 Hz), 7.11 (2H, d, J = 7.0 Hz), 5.71 (1H, s), 4.86 (1H, t, J = 5.0 
Hz), 3.95 (2H, m), 3.84 (2H, m), 3.74 (1H, dd, J = 5.5, 7.5 Hz), 3.45 (1H, d, J = 7.5 Hz), 
2.86 (1H, d, J = 5.5 Hz), 2.17 (3H, m), 1.96 (1H, d, J = 14.0 Hz), 1.83 (2H, dt, J = 5.0, 
8.0 Hz); 13C-NMR (125 MHz, CDCl3): δ 224.4, 153.5, 141.6, 128.7, 128.2, 127.4, 126.1, 
104.0, 65.2, 52.1, 51.9, 49.2, 47.9, 44.5, 41.8, 30.6, 27.5, 26.0, 22.2; IR (KBr thin film, 
CH2Cl2 solution): 3059 (m), 3031 (s), 2929 (s), 2360 (s), 2341 (s), 1727 (s), 1049 (w), 
1140 (m), 1037 (w), 780 (w), 742 (w), 669 (w), 564 (w) cm-1; DART-HRMS (m/z): 
Calc’d for [M+H]+ (C22H27O3): 339.1960; Found: 339.1967. 
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(±)-3-((4S,5R,6S)-8,8-dimethyl-7-oxo-5-phenyltricyclo[4.3.0.01,4]non-2-en-2-
yl)propanoic acid (3.181). 
 See representative procedure for the preparation of compound 3.94. Product was 
purified by silica gel column chromatography (Rf: 0.22 in 1:1 hexanes/Et2O, 10:1 
hexanes/EtOAc with a gradient to 1:1 hexanes/EtOAc) to afford compound 3.181 (82% 
yield over 2 steps) as a colorless oil. 1H-NMR (500 MHz, CDCl3): δ 7.26 (2H, t, J = 7.5 
Hz), 7.16 (1H, t, J = 7.5 Hz), 7.11 (2H, d, J = 8.0 Hz), 5.73 (1H, s), 3.75 (1H, dd, J = 6.0, 
8.0 Hz), 3.46 (1H, d, J = 8.0 Hz), 2.88 (1H, d, J = 5.5 Hz), 2.54 (2H, t, J = 7.5 Hz), 2.39 
(2H, m), 2.17 (1H, d, J = 14.0 Hz), 1.98 (1H, d, J = 14.0 Hz), 1.32 (3H, s), 1.19 (3H, s); 
13C-NMR (125 MHz, CDCl3): δ 224.4, 178.8, 152.3, 141.3, 129.3, 128.3, 127.4, 126.2, 
52.1, 51.7, 49.2, 47.9, 44.3, 41.6, 30.9, 27.5, 26.0, 22.7; IR (KBr thin film, CH2Cl2 
solution): 3026 (m), 2959 (m), 2927 (s), 1727 (s), 1711 (s), 1458 (m), 1252 (w), 1169 (w), 
751 (s), 697 (s), 543 (m) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C20H23O3): 
311.1647; Found: 311.1654. 
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(±)-(4S,5R,6S)-2-(4-diazo-3-oxobutyl)-8,8-dimethyl-5-phenyltricyclo[4.3.0.01,4]non-2-
en-7-one (3.182). 
 See representative procedure for the preparation of compound 3.95. Product was 
purified by silica gel column chromatography (Rf: 0.72 in 1:1 hexanes/EtOAc, 10:1 
hexanes/EtOAc with a gradient to 1:1 hexanes/EtOAc) to afford compound 3.182 (71% 
yield over 2 steps) as a bright yellow oil. 1H-NMR (500 MHz, CDCl3): δ 7.27 (2H, m), 
7.17 (1H, t, J = 8.5 Hz), 7.10 (2H, d, J = 8.5 Hz), 5.70 (1H, s), 5.17 (1H, s), 3.75 (1H, t, J 
= 7.0 Hz), 3.45 (1H, d, J = 8.5 Hz), 2.86 (1H, d, J = 5.5 Hz), 2.46 (2H, br), 2.38 (2H, m), 
2.15 (1H, d, J = 14.0 Hz), 1.97 (1H, d, J = 14.0 Hz), 1.31 (3H, s), 1.19 (3H, s); 13C-NMR 
(125 MHz, CDCl3): δ 224.2, 193.8, 152.8, 141.5, 129.1, 128.3, 127.4, 126.2, 52.1, 51.7, 
49.2, 47.9, 44.4, 41.6, 37.3, 27.5, 26.0, 22.9; IR (KBr thin film, CH2Cl2 solution): 3074 
(w), 2960 (m), 2865 (w), 2360 (m), 2341 (m), 2104 (s), 1726 (s), 1644 (s), 1376 (m), 
1360 (m), 1139 (w), 1100 (m) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ 
(C21H22O2N2): 335.1760; Found: 335.1757. 
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Compound 3.183. 
 See representative procedure for the intramolecular cyclopropanation of diazo 
compound 3.95. Product was purified by silica gel column chromatography (Rf: 0.24 in 
2:1 hexanes/Et2O, 5:1 hexanes/EtOAc with a gradient to 2:1 hexanes/EtOAc) to afford 
compound 3.183 (76% yield) as sticky pale yellow oil. 1H-NMR (500 MHz, CDCl3): δ 
7.36 (2H, t, J = 7.5 Hz), 7.23 (3H, m), 3.95 (1H, t, J = 7.0 Hz), 3.34 (1H, d, J = 6.0 Hz), 
2.83 (1H, d, J = 7.0 Hz), 2.17 (3H, m), 2.02 (1H, m), 1.93 (2H, d, J = 14.5 Hz), 1.80 (2H, 
m), 1.24 (3H, s), 1.16 (3H, s); 13C-NMR (125 MHz, CDCl3): δ 223.0, 212.2, 139.9, 128.7, 
127.3, 126.6, 49.2, 49.1, 47.0, 46.5, 43.1, 42.5, 41.3, 36.8, 35.1, 26.4, 26.0, 25.2, 20.2; IR 
(KBr thin film, CH2Cl2 solution): 3082 (w), 3060 (m), 3026 (m), 2958 (w), 2359 (m), 
2340 (m), 1729 (s), 1167 (w), 768 (w), 543 (m) cm-1; DART-HRMS (m/z): Calc’d for 
[M+H]+  (C21H22O2): 307.1698; Found: 307.1702. 
 
Compound 3.107. 
 See representative procedure for the reduction of compound 3.96. Product was 
purified by silica gel column chromatography (Rf: 0.14 in 2:1 hexanes/Et2O, 2:1 
hexanes/EtOAc with a gradient to 1:1 hexanes/EtOAc) to afford compound 3.107 
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!(quantitative yield) as a colorless oil. 1H-NMR (500 MHz, CDCl3): δ 7.32 (2H, t, J = 8.0 
Hz), 7.21 (3H, m), 4.52 (1H, m), 4.05 (1H, t, J = 6.5 Hz), 3.96 (1H, d, J = 7.5 Hz), 3.13 
(1H, dd, J = 6.0, 8.0 Hz), 2.50 (1H, d, J = 7.5 Hz), 1.87 (2H, dd, J = 7.5, 10.5 Hz), 1.65 
(1H, s), 1.56 (3H, m), 1.54 (1H, d, J = 14.0 Hz), 1.42 (1H, d, J = 14.0 Hz), 1.38 (1H, d, J 
= 5.5 Hz), 1.10 (3H, s), 0.99 (3H, s), 0.85 (1H, d, J = 6.5 Hz); 13C-NMR (125 MHz, 
CDCl3): δ 142.9, 128.3, 127.6, 125.7, 80.6, 74.3, 50.2, 47.9, 45.1, 44.7, 41.8, 38.8, 35.4, 
32.0, 30.7, 28.8, 22.0, 21.7, 17.4; IR (KBr thin film, CH2Cl2 solution): 3424 (br), 3356 
(s), 2955 (s), 2875 (m), 1449 (w), 1048 (s), 762 (m), 690 (w), 558 (m) cm-1; DART-
HRMS (m/z): Calc’d for [M+H]+ (C21H27O2): 311.2011; Found: 311.2004. 
 
 See representative procedure for thermal fragmentation of compound 3.97. 
Products were purified by silica gel column chromatography (5:1 hexanes/Et2O with a 
gradient to 2:1 hexanes/Et2O) to afford compound 3.108 (Rf: 0.58 in 1:1 hexanes/Et2O, 
76% yield) and compound 3.109 (9% yield), both as colorless oils. 
(±)-(3S,3aR,4R,6aS,7R)-2,2-dimethyl-4-phenyl-2,3,3a,4,6a,7,8,9-octahydro-1H-
cyclopenta[e]azulene-3,7-diol (3.108): 1H-NMR (500 MHz, C6D6): δ 7.30 (2H, m), 7.21 
(2H, m), 7.11 (1H, m), 6.02 (1H, dq, J = 2.5, 10.5 Hz), 5.95 (1H, dt, J = 3.0, 10.5 Hz), 
4.08 (1H, dd, J = 5.0, 11.0 Hz), 3.97 (1H, t, J = 3.5 Hz), 3.26 (1H, br), 3.09 (1H, m), 2.96 
(1H, s), 2.36 (1H, m), 2.25 (1H, d, J = 16.5 Hz), 2.11 (1H, dd, J = 9.0, 17.5 Hz), 1.98 (1H, 
d, J = 16.5 Hz), 1.62 (1H, dd, J = 8.5, 13.5 Hz), 0.89 (3H, s), 0.73 (3H, s); 13C-NMR 
(125 MHz, C6D6): δ 146.1, 138.8, 135.8, 133.0, 129.3, 128.7, 128.6, 128.2, 126.9, 82.5, 
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!76.3, 51.0, 48.7, 45.7, 45.6, 39.5, 33.5, 29.6, 28.5, 24.0; IR (KBr thin film, CH2Cl2 
solution): 3425 (br), 3060 (s), 3028 (s), 2935 (s), 1452 (w), 1077 (w), 760 (w), 701 (w) 
cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C21H27O2): 311.2011; Found: 311.2012. 
 
(±)-(4R,5R,6S)-3-(2-(1,3-dioxolan-2-yl)ethyl)-8,8-dimethyl-5-
phenyltricyclo[4.3.0.01,4]non-2-en-7-one (3.185). 
 See representative procedure for the preparation of compound 3.93. Product was 
purified by silica gel column chromatography (Rf: 0.74 in 10:10:1 
hexanes/CH2Cl2/EtOAc, 10:10:1 hexanes/CH2Cl2/EtOAc with a gradient to 10:10:2 
hexanes/CH2Cl2/EtOAc) to afford compound 3.185 (84% yield over 2 steps) as a 
colorless oil. 1H-NMR (500 MHz, CDCl3): δ 7.16-7.26 (5H, m), 6.04 (1H, t, J = 1.5 Hz), 
4.65 (1H, t, J = 4.5 Hz), 3.85 (2H, m), 3.76 (2H, m), 3.71 (1H, dd, J = 5.0, 9.0 Hz), 3.44 
(1H, dd, J = 1.5, 9.0 Hz), 2.96 (1H, d, J = 5.0 Hz), 2.13 (1H, d, J = 14.5 Hz), 1.97 (1H, d, 
J = 14.5 Hz), 1.54 (3H, m), 1.43 (1H, m), 1.29 (3H, s), 1.16 (3H, s); 13C-NMR (125 MHz, 
CDCl3): δ 224.9, 151.6, 140.8, 132.0, 128.2, 127.3, 126.5, 104.1, 64.99, 65.0, 52.3, 51.3, 
49.0, 48.6, 43.7, 42.7, 31.0, 27.4, 26., 25.0;  IR (KBr thin film, CH2Cl2 solution): 2956 
(m), 2880 (m), 1728 (s), 1409 (w), 1142 (m), 1035 (w), 710 (w) cm-1; DART-HRMS 
(m/z): Calc’d for [M+H]+ (C22H27O3): 339.1960; Found: 339.1960. 
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(±)-3-((4R,5R,6S)-8,8-dimethyl-7-oxo-5-phenyltricyclo[4.3.0.01,4]non-2-en-3-
yl)propanoic acid (3.186). 
 See representative procedure for the preparation of compound 3.94. Product was 
purified by silica gel column chromatography (Rf: 0.25 in 1:2 hexanes/EtOAc, 5:1 
hexanes/EtOAc with a gradient to 1:3 hexanes/EtOAc) to afford compound 3.186 (78% 
yield over 2 steps) as a colorless oil. 1H-NMR (500 MHz, CDCl3): δ 7.26 (2H, t, J = 7.5 
Hz), 7.18 (3H, m), 6.08 (1H, d, J = 1.5 Hz), 3.73 (1H, dd, J = 5.0, 8.0 Hz), 3.46 (1H, d, J 
= 8.0 Hz), 2.99 (1H, d, J = 5.0 Hz), 2.22 (2H, m), 2.15 (1H, d, J = 14.0 Hz), 1.99 (1H, d, 
J = 14.0 Hz), 1.82 (1H, m), 1.62 (1H, m), 1.31 (3H, s), 1.18 (3H, s); 13C-NMR (125 MHz, 
CDCl3): δ 225.0, 179.1, 150.2, 140.6, 132.7, 128.3, 127.2, 126.7, 52.5, 51.1, 49.0, 48.7, 
43.5, 42.6, 31.2, 27.4, 26.0, 25.4; IR (KBr thin film, CH2Cl2 solution): 3112 (w), 3045 
(w), 2959 (m), 2870 (w), 1723 (s), 1708 (s), 1434 (w), 1331 (w), 1099 (w), 749 (s), 694 
(w), 540 (s) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C20H23O3): 311.1647; Found: 
311.1660. 
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2) NaClO2, KH2PO4, t-BuOH/H2O
2-methylbut-2-ene, 0 °C to rt
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(±)-(4R,5R,6S)-3-(4-diazo-3-oxobutyl)-8,8-dimethyl-5-phenyltricyclo[4.3.0.01,4]non-2-
en-7-one (3.187). 
 See representative procedure for the preparation of compound 3.95. Product was 
purified by silica gel column chromatography (Rf: 0.75 in 1:1 hexanes/EtOAc, 10:1 
hexanes/EtOAc with a gradient to 3:2 hexanes/EtOAc) to afford compound 3.187 (80% 
yield over 2 steps) as a bright yellow oil. 1H-NMR (500 MHz, CDCl3): δ 7.27 (2H, t, J = 
7.5 Hz), 7.19 (3H, m), 6.05 (1H, s), 4.98 (1H, s), 3.72 (1H, dd, J = 5.5, 7.5 Hz), 3.45 (1H, 
d, J = 8.0 Hz), 2.97 (1H, d, J = 5.0 Hz), 2.13 (3H, br), 1.98 (1H, d, J = 14.5 Hz), 1.84 (1H, 
m), 1.60 (1H, m), 1.30 (3H, s), 1.17 (3H, s); 13C-NMR (125 MHz, CDCl3): δ 224.8, 
194.1, 150.5, 140.9, 132.7, 128.6, 128.3, 127.3, 126.6, 54.1, 52.5, 51.0, 49.0, 48.7, 43.6, 
42.6, 38.0, 27.3, 26.0, 25.8; IR (KBr thin film, CH2Cl2 solution): 3061 (w), 2964 (w), 
2928 (w), 2896 (s), 2103 (s), 1726 (s), 1645 (m), 1375 (m), 1147 (w), 1097 (w), 775 (w), 
690 (w), 573 (w) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C21H22O2N2): 335.1760; 
Found: 335.1756. 
 
 
 
PhH
3.186
Me Me
O
HO
O
1) (COCl)2, DMF 
    PhH, 0 °C to rt
2) TMSCHN2, THF
    CH3CN, 0 °C to rt
80% yield over 2 steps
PhH
3.187
Me Me
O
O
N2

! 
Compound 3.188. 
 See representative procedure for the intramolecular cyclopropanation of diazo 
compound 3.95. Product was purified by silica gel column chromatography (Rf: 0.36 in 
2:1 hexanes/EtOAc, 10:1 hexanes/EtOAc with a gradient to 2:1 hexanes/EtOAc) to afford 
compound 3.188 (87% yield) as a sticky pale yellow oil. 1H-NMR (500 MHz, CDCl3): δ 
7.32 (4H, m), 7.25 (1H, t, J = 2.0 Hz), 4.02 (1H, t, J = 7.0 Hz), 3.34 (1H, d, J = 6.0 Hz), 
3.10 (1H, dd, J = 3.0, 8.0 Hz), 2.36 (1H, d, J = 3.0 Hz), 1.69-1.94 (6H, m), 1.21 (3H, s), 
1.13 (3H, s), 1.03 (1H, dd, J = 7.0, 12.5 Hz); 13C-NMR (125 MHz, CDCl3): δ 223.3, 
212.4, 140.6, 128.7, 128.6, 126.8, 126.7, 125.9, 50.0, 49.0, 47.6, 46.8, 42.7, 42.4, 39.4, 
37.5, 35.2, 33.4, 26.5, 26.0, 23.1; IR (KBr thin film, CH2Cl2 solution): 3060 (m), 2962 
(w), 2919 (w), 1729 (s), 1179 (m), 775 (w), 570 (w), 530 (m) cm-1; DART-HRMS (m/z): 
Calc’d for [M+H]+ (C21H22O2): 307.1698; Found: 307.1698. 
 
Compound 3.118. 
 See representative procedure for the reduction of compound 3.96. Product was 
purified by silica gel column chromatography (5:1 hexanes/EtOAc with a gradient to 2:1 
hexanes/EtOAc) to afford compound 3.118 (86% yield) as a colorless oil. 1H-NMR (500 
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!MHz, CDCl3): δ 7.26 (3H, m), 7.15 (2H, t, J = 7.0 Hz), 4.38 (1H, q, J = 7.0 Hz), 4.11 (1H, 
t, J = 7.0 Hz), 3.99 (1H, d, J = 8.5 Hz), 3.12 (1H, t, J = 6.5 Hz), 2.80 (1H, dd, J = 2.5, 7.5 
Hz), 1.90 (1H, d, J = 2.5 Hz); 13C-NMR (125 MHz, CDCl3): δ 143.7, 128.1, 127.2, 125.6, 
80.5, 73.1, 49.1, 48.9, 46.9, 45.1, 42.9, 36.0, 34.0, 33.1, 31.2, 29.1, 26.9, 24.5, 21.8; IR 
(KBr thin film, CH2Cl2 solution): 3439 (m), 3356 (br), 3024 (s), 2952 (m), 2893 (w), 
1601 (w), 1452 (m), 1055 (m), 760 (s), 697 (s), 557 (w), 538 (w) cm-1; DART-HRMS 
(m/z): Calc’d for [M+H]+ (C21H27O2): 311.2011; Found: 311.1997. 
 
 See representative procedure for thermal fragmentation of compound 3.97. 
Products were purified by silica gel column chromatography (5:1 hexanes/EtOAc with a 
gradient to 2:1 hexanes/EtOAc) to afford compound 3.119 (Rf: 0.41 in 1:1 hexanes/Et2O, 
63% yield) and compound 3.120 (Rf: 0.34 in 1:1 hexanes/Et2O, 33% yield), both as 
colorless oils. 
(±)-(1S,4aR,5S,9R,9aR)-2,2-dimethyl-9-phenyl-2,3,4a,5,6,7,9,9a-octahydro-1H-
cyclopenta[f]azulene-1,5-diol (3.119): 1H-NMR (500 MHz, C6D6): δ 7.46 (2H, d, J = 
8.5 Hz), 7.16 (2H, m), 7.07 (1H, m), 5.70 (1H, br), 5.65 (1H, br), 3.96 (1H, t, J = 4.0 Hz), 
3.71 (1H, t, J = 2.0 Hz), 3.36 (1H, d, J = 8.5 Hz), 3.10 (1H, br), 2.99 (1H, br), 2.51 (1H, 
m), 2.28 (1H, m), 1.84 (1H, d, J = 14.0 Hz), 1.55 (2H, m), 1.41 (1H, m), 0.85 (3H, s), 
0.72 (3H, s); 13C-NMR (125 MHz, C6D6): δ 144.2, 143.3, 140.7, 131.1, 128.7, 128.6, 
128.2, 127.2, 125.9, 121.8, 82.3, 76.7, 52.1, 49.5, 47.7, 45.8, 40.8, 32.8, 32.0, 26.3, 20.2; 
Ph
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!IR (KBr thin film, CH2Cl2 solution): 3421 (w), 3334 (w), 2957 (m), 2926 (m), 2899 (w), 
2359 (s), 2341 (s), 1698 (w), 1541 (w), 1464 (w), 778 (s), 767 (s), 739 (m), 529 (m) cm-1; 
DART-HRMS (m/z): Calc’d for [M+H]+ (C21H27O2): 311.2011; Found: 311.2011. 
(±)-(1S,4aR,5S,9R,9aS)-2,2-dimethyl-9-phenyl-2,3,4a,5,6,7,9,9a-octahydro-1H-
cyclopenta[f]azulene-1,5-diol (3.120): 1H-NMR (500 MHz, C6D6): δ 7.21 (3H, m), 7.10 
(2H, m), 5.81 (1H, dd, J = 2.0, 4.5 Hz), 5.35 (1H, t, J = 1.5 Hz), 4.04 (1H, t, J = 3.5 Hz), 
3.89 (1H, dt, J = 2.5, 7.5 Hz), 3.14 (2H, m), 2.99 (1H, s), 2.72 (1H, m), 2.63 (1H, d, J = 
15.0 Hz), 2.23 (1H, dd, J = 12.5, 16.0 Hz), 2.13 (1H, d, J = 16.0 Hz), 1.78 (1H, dd, J = 
8.0, 13.0 Hz), 1.37 (1H, m), 0.87 (3H, s), 0.71 (3H, s); 13C-NMR (125 MHz, C6D6): δ 
148.1, 145.9, 142.7, 129.7, 129.0, 128.6, 128.1, 126.6, 118.2, 82.4, 76.8, 52.2, 50.4, 46.7, 
45.0, 39.2, 32.1, 30.6, 27.7, 23.2; IR (KBr thin film, CH2Cl2 solution): 3502 (w), 3425 
(w), 3348 (w), 3059 (m), 3026 (s), 2936 (s), 2853 (w), 2406 (w), 1449 (w), 1384 (w), 
1068 (w), 761 (s), 696 (s), 544 (m) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ 
(C21H27O2): 311.2011; Found: 311.2017. 
 
 See representative procedure for the preparation of compound 3.167. Products 
were purified by silica gel column chromatography (Rf of mixture of 3.189a and 3.189b: 
0.65 in 2:1 hexanes/EtOAc, 40:1 hexanes/EtOAc with a gradient to 20:1 hexanes/EtOAc) 
to afford a partially separable of compound 3.189a and 3.189a (58% yield), both as dark 
orange oils. 
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!Mixture of iron, tricarbonyl[1-((but-3-en-1-yloxy)methyl)-4-iodocyclobuta-1,3-diene] 
and iron, tricarbonyl[1-((but-3-en-1-yloxy)methyl)-3-iodocyclobuta-1,3-diene] 
(3.189a and 3.189b): 1H-NMR (500 MHz, CDCl3): δ 5.83 (1H, m), 5.05-5.14 (2H, m), 
4.56 (compound 3.189a, 1H, s), 4.44 (compound 3.189b, 2H, s), 4.39 (compound 3.189a, 
1H, s), 3.80 (compound 3.189b, 2H, s), 3.77 (compound 3.189a, 2H, d, J = 3.5 Hz), 3.55 
(m), 2.36 (m); DART-HRMS (m/z): Calc’d for [M-C4H7O]+ (C8H4FeO3I): 330.8555; 
Found: 330.8539. 
 
 See representative procedure for the cross metathesis reaction of compound 3.167. 
Products were purified by silica gel column chromatography (Rf of mixture of 3.131 and 
3.190: 0.84 in 20:1 hexanes/EtOAc, 10:1 hexanes/EtOAc with a gradient to 20:1 
hexanes/EtOAc) to afford a partially separable mixture of compound 3.131 and 3.190 (78% 
combined yield), both as dark orange oils. 
Mixture of iron, tricarbonyl[(E)-(4-((4-iodocyclobuta-1,3-dien-1-yl)methoxy)but-1-
en-1-yl)benzene] and  iron, tricarbonyl[(E)-(4-((3-iodocyclobuta-1,3-dien-1-
yl)methoxy)but-1-en-1-yl)benzene] (3.131 and 3.190): 1H-NMR (500 MHz, CDCl3): δ 
7.37 (d, J = 7.5 Hz), 7.30 (t, J = 7.5 Hz), 7.21 (t, 7.0 Hz), 6.49 (compound 3.131, 1H, d, J 
= 15.5 Hz), 6.47 (compound 3.190, 1H, d, J = 15.0 Hz), 6.26 (compound 3.131, 1H, d, J 
= 6.5, 16.0 Hz), 6.22 (compound 3.190, m), 4.56 (compound 3.131, 1H, s), 4.45 
(compound 3.190, 2H, s), 4.39 (compound 3.131, 1H, s), 3.81 (m), 3.65 (compound 3.131, 
(CO)3Fe
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I styrene, 2.5% HG II
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!2H, m), 3.60 (compound 3.190, 2H, m), 2.52 (m); DART-HRMS (m/z): Calc’d for [M-
C10H11O]+ (C8H4FeO3I): 330.8555; Found: 330.8553. 
 
(±)-(4R,5S,6S)-2-iodo-5-phenyl-9-oxatricyclo[4.4.0.01,4]dec-2-ene (3.132). 
 See representative procedure for the intramolecular cycloaddition of compound 
3.91a. Product was purified by silica gel column chromatography (Rf: 0.67 in 2:1 
hexanes/Et2O, 40:1 hexanes/EtOAc with a gradient to 30:1 hexanes/EtOAc) to afford 
compound 3.132 (44% yield) as a sticky pale yellow oil. 1H-NMR (500 MHz, CDCl3): δ 
7.30 (2H, t, J = 8.5 Hz), 7.21 (1H, t, J = 8.5 Hz), 7.11 (2H, d, J = 8.5 Hz), 6.45 (1H, s), 
3.93 (2H, m), 3.84 (1H, d, J = 9.0 Hz), 3.61 (1H, d, J = 9.0 Hz), 3.36 (1H, t, J = 6.0 Hz), 
3.31 (1H, dd, J = 3.0, 6.0 Hz), 2.47 (1H, dd, J = 6.0, 15.0 Hz), 2.29 (1H, m), 1.96 (1H, m); 
13C-NMR (125 MHz, CDCl3): δ 146.9, 142.3, 128.4, 127.5, 126.4, 99.4, 68.6, 64.7, 54.5, 
52.6, 47.4, 36.0, 31.2; IR (KBr thin film, CH2Cl2 solution): 3424 (br), 2952 (s), 2870 (m), 
1727 (m), 1629 (m), 1544 (w), 1460 (w), 1260 (m), 1108 (m), 1080 (m), 825 (w), 818 
(w), 720 (w), 545 (w) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C15H16OI): 
339.0246; Found: 339.0248. 
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(±)-(4S,5S,6S)-2-(2-(1,3-dioxolan-2-yl)ethyl)-5-phenyl-9-oxatricyclo[4.4.0.01,4]dec-2-
ene (3.191). 
 See representative procedure for the preparation of compound 3.93. Product was 
purified by silica gel column chromatography (Rf: 0.54 in 1:1 hexanes/EtOAc, 20:1 
hexanes/EtOAc with a gradient to 5:1 hexanes/EtOAc) to afford compound 3.191 (48% 
yield over 2 steps) as a colorless oil. 1H-NMR (500 MHz, CDCl3): δ 7.26 (2H, t, J = 7.5 
Hz), 7.15 (1H, t, J = 7.0 Hz), 7.10 (2H, d, J = 7.0 Hz), 5.69 (1H, t, J = 1.5 Hz), 4.85 (1H, 
t, J = 5.0 Hz), 3.96 (3H, m), 3.90 (2H, dd, J = 12.5, 16.5 Hz), 3.84 (2H, m), 3.41 (3H, m), 
2.57 (1H, dt, J = 6.0, 8.0 Hz), 2.26 (1H, m), 2.13 (2H, tt, J = 1.5, 8.5 Hz), 1.95 (1H, m), 
1.82 (2H, m); 13C-NMR (125 MHz, CDCl3): δ 153.2, 143.7, 129.6, 128.2, 127.5, 125.8, 
104.1, 68.0, 65.2, 64.5, 48.3, 47.9, 46.1, 35.7, 31.2, 30.6, 21.9; IR (KBr thin film, CH2Cl2 
solution): 3059 (m), 3027 (s), 3001 (s), 2852 (w), 1601 (w), 1493 (w), 1450 (w), 1139 
(w), 757 (m), 698 (m), 545 (w) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ 
(C20H25O3): 313.1804; Found: 313.1801. 
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(±)-3-((4S,5S,6S)-5-phenyl-9-oxatricyclo[4.4.0.01,4]dec-2-en-2-yl)propanoic acid 
(3.192). 
 See representative procedure for the preparation of compound 3.94. Product was 
purified by silica gel column chromatography (10:1 hexanes/EtOAc with a gradient to 1:1 
hexanes/EtOAc) to afford compound 3.192 (89% yield over 2 steps) as a colorless oil. 
1H-NMR (500 MHz, CDCl3): δ 7.26 (2H, m), 7.15 (1H, t, J = 7.0 Hz), 7.10 (2H, d, J = 
7.5 Hz), 5.72 (1H, t, J = 1.5 Hz), 3.97 (1H, m), 3.92 (2H, dd, J = 6.5, 12.5 Hz), 3.33 (3H, 
m), 2.58 (1H, dt, J = 6.0, 9.0 Hz), 2.52 (2H, t, J = 7.5 Hz), 2.35 (2H, m), 2.26 (1H, m), 
1,95 (1H, m); 13C-NMR (125 MHz, CDCl3): δ 178.5, 152.1, 143.5, 130.1, 128.2, 127.4, 
125.8, 67.7, 64.4, 48.2, 47.6, 46.2, 35.6, 30.9, 30.8, 22.4; IR (KBr thin film, CH2Cl2 
solution): 3097 (br), 3044 (m), 2956 (s), 2872 (m), 2837 (m), 1732 (s), 1711 (s), 1435 (w), 
1246 (m), 1081 (m), 738 (w), 689 (w) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ 
(C18H21O3): 285.1491; Found: 285.1492. 
 
(±)-1-diazo-4-((4S,5S,6S)-5-phenyl-9-oxatricyclo[4.4.0.01,4]dec-2-en-2-yl)butan-2-one 
(3.193). 
 See representative procedure for the preparation of compound 3.95. Product was 
purified by silica gel column chromatography (Rf: 0.58 in 1:1 hexanes/EtOAc, 20:1 
1) TsOH, acetone/H2O, reflux
2) NaClO2, KH2PO4, t-BuOH/H2O
89% over 2 steps
2-methylbut-2-ene, 0 °C to rt
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!hexanes/EtOAc with a gradient to 5:1 hexanes/EtOAc) to afford compound 3.193 (54% 
yield over 2 steps) as a bright yellow oil. 1H-NMR (500 MHz, CDCl3): δ 7.26 (2H, m), 
7.15 (1H, t, J = 7.5 Hz), 7.08 (2H, dd, J = 1.0, 7.5 Hz), 5.68 (1H, t, J = 1.5 Hz), 5.17 (1H, 
br), 3.96 (1H, m), 3.89 (2H, dd, J = 12.5, 16.5 Hz), 3.41 (3H, m), 2.56 (1H, dt, J = 6.0, 
8.5 Hz), 2.24-2.45 (5H, m), 1.94 (1H, m); 13C-NMR (125 MHz, CDCl3): δ 194.0, 152.5, 
143.6, 129.9, 128.1, 127.4, 125.8, 105.2, 67.8, 64.5, 54.7, 48.3, 47.8, 46.1, 37.3, 35.5, 
31.1, 22.5; IR (KBr thin film, CH2Cl2 solution): 3059 (s), 2942 (m), 2929 (w), 2103 (s), 
1642 (m), 1377 (m), 1370 (m), 1318 (w), 1160 (w), 1140 (w), 1082 (m), 556 (m), 532 (m) 
cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C19H21O2N2): 309.1603; Found: 
309.1597. 
 
(±)-(4aS,5S,5aR,5bS,5cS)-5-phenyloctahydro-1H-
cyclopenta[2'',3'']cyclopropa[1'',2'':3',4']cyclobuta[1',2':1,4]cyclobuta[1,2-c]pyran-
6(3H)-one (3.194). 
 See representative procedure for the intramolecular cyclopropanation of diazo 
compound 3.95. Product was purified by silica gel column chromatography (Rf: 0.39 in 
1:1 hexanes/EtOAc, 10:1 hexanes/EtOAc with a gradient to 3:1 hexanes/EtOAc) to afford 
compound 3.194 (79% yield) as a sticky pale yellow oil. 1H-NMR (500 MHz, CDCl3): δ 
7.35 (2H, m), 7.23 (1H, m), 7.19 (2H, m), 3.93 (1H, m), 3.66-3.76 (3H, m), 3.50 (1H, m), 
3.05 (1H, dt, J = 6.5, 8.5 Hz), 2.84 (1H, d, J = 8.0 Hz), 2.34 (1H, m), 2.25 (1H, dd, J = 
7.5, 10.0 Hz), 2.13 (1H, m), 2.04 (1H, m), 1.89-1.98 (2H, m), 1.86 (1H, s), 1.71 (1H, s); 
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!13C-NMR (125 MHz, CDCl3): δ 141.2, 128.6, 127.1, 126.3, 67.2, 64.2, 46.1, 45.0, 44.8, 
41.8, 36.8, 35.1, 33.4, 30.7, 24.7, 19.5; IR (KBr thin film, CH2Cl2 solution):  3060 (s), 
3031 (m), 2921 (s), 2908 (s), 2900 (s), 1728 (s), 1453 (w), 1162 (w), 1126 (w), 1085 (w), 
737 (m), 549 (m) cm-1; DART-HRMS (m/z): Calc’d for [M+H]+ (C19H21O2): 281.1542; 
Found: 281.1539. 
 
(±)-(4aS,5S,5aR,5bS,5cS,6R)-5-phenyldecahydro-1H-
cyclopenta[2'',3'']cyclopropa[1'',2'':3',4']cyclobuta[1',2':1,4]cyclobuta[1,2-c]pyran-
6-ol (3.133). 
 See representative procedure for the reduction of compound 3.96. Product was 
purified by silica gel column chromatography (Rf: 0.14 in 1:1 hexanes/EtOAc, 5:1 
hexanes/EtOAc with a gradient to 2:1 hexanes/EtOAc) to afford compound 3.133 (91% 
yield) as a sticky colorless oil. 1H-NMR (500 MHz, CDCl3): δ 7.33 (2H, m), 7.20 (3H, 
m), 4.50 (1H, m), 3.90 (1H, m), 3.64-3.71 (3H, m), 3.47 (1H, m), 2.96 (1H, m), 2.67 (1H, 
d, J = 10.0 Hz), 2.27 (1H, m), 1.96 (1H, dd, J = 7.5, 10.0 Hz), 1.81-1.91 (2H, m), 1.60-
1.68 (1H, m), 1.60 (1H, s), 1.41 (1H, d, J = 5.5 Hz), 0.93 (1H, m); 13C-NMR (125 MHz, 
CDCl3): δ 142.0, 128.4, 127.4, 126.0, 74.0, 67.6, 64.1, 46.2, 43.5, 41.6, 38.9, 34.0, 31.0, 
30.9, 30.4, 20.9, 16.7; IR (KBr thin film, CH2Cl2 solution):  3352 (w), 3030 (w), 2922 (s), 
2359 (w), 1092 (m), 760 (s), 750 (s), 704 (s), 546 (w) cm-1; DART-HRMS (m/z): Calc’d 
for [M+H]+ (C19H22O2): 283.1698; Found: 283.1700. 
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 See representative procedure for thermal fragmentation of compound 3.97. 
Products were purified by silica gel column chromatography (Rf of mixture of 3.134 and 
3.135: 0.22 in 1:1 hexanes/EtOAc, 10:1 hexanes/EtOAc with a gradient to 2:1 
hexanes/EtOAc) to afford an inseparable mixture of compound 3.134 and compound 
3.135 (87% combined yield, 3.134/3.135 ratio: 1.2:1) as a colorless oil.  
 To a solution of this inseparable mixture of compound 3.134 and compound 3.135 
(17.7 mg, 0.0628 mmol) in ethanol (1.3 mL) was added 10 wt.% Pd/C (6.3 mg). Then the 
flask was purged with hydrogen gas for 3 times. The reaction was allowed to stir at room 
temperature under H2 atmosphere for 1 hour before filtered through a silica gel plug and 
washed with EtOAc. After concentration, the reaction crude mixture was then purified by 
silica gel column chromatography (10:1 hexanes/EtOAc with a gradient to 2:1 
hexanes/EtOAc) to afford a partially separable mixture of compound 3.195 (Rf: 0.43 in 
1:1 hexanes/EtOAc) and 3.196 (Rf: 0.39 in 1:1 hexanes/EtOAc), both as clear colorless 
oils in quantitative yield.   
(±)-(4aR,5R,7aS,8R)-5-phenyl-3,4,4a,5,6,7,7a,8,9,10-decahydro-1H-azuleno[4,5-
c]pyran-8-ol (3.195): 1H-NMR (500 MHz, C6D6): δ 7.09-7.22 (5H, m), 4.42 (1H, d, J = 
HO
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!12.0 Hz), 3.84 (1H, t, J = 3.5 Hz), 3.78 (1H, m), 3.71 (1H, d, J = 11.5 Hz), 3.33 (1H, dt, J 
= 3.5, 12.5 Hz), 3.15 (1H, dt, J = 3.0, 11.0 Hz), 2.60 (1H, m), 2.45 (2H, d, J = 11.0 Hz), 
2.01-2.12 (2H, m), 1.80 (1H, m), 1.58-1.69 (3H, m), 1.53-1.57 (1H, m), 1.27-1.39 (3H, 
m); 13C-NMR (125 MHz, CDCl3): δ 146.3, 139.9, 132.3, 129.3, 129.0, 127.0, 77.0, 72.0, 
68.9, 48.9, 45.9, 45.2, 34.4, 30.8, 30.3, 29.2, 26.6; IR (KBr thin film, CH2Cl2 solution): 
3428 (br), 3060 (m), 3028 (m), 2949 (s), 2899 (s), 2843 (s), 1725 (w), 1460 (m), 1378 
(m), 1250 (m), 1093 (m), 775 (w), 566 (w) cm-1; DART-HRMS (m/z): Calc’d for 
[M+H]+ (C19H25O2): 285.1855; Found: 285.1848. 
Mixture of (±)-(4aR,5R,7aS,8R)-5-phenyl-3,4,4a,5,6,7,7a,8,9,10-decahydro-1H-
azuleno[4,5-c]pyran-8-ol and  (±)-(4aS,5R,7aS,8R)-5-phenyl-3,4,4a,5,6,7,7a,8,9,10-
decahydro-1H-azuleno[4,5-c]pyran-8-ol (3.195 and 3.196): 1H-NMR (500 MHz, 
C6D6): δ 7.19 (m), 7.10 (m), 7.00 (d, J = 7.5 Hz), 4.59 (compound 3.196, 1H, J = 7.5 Hz), 
4.41 (compound 3.195, 1H, d, J = 12.0 Hz), 3.84 (compound 3.195, 1H, t, J = 3.5 Hz), 
3.83 (compound 3.196, 1H, s), 3.78 (m), 3,71 (compound 3.195, 1H, d, J = 11.5 Hz), 3.66 
(compound 3.196, 1H, d, J = 13.0 Hz), 3.33 (compound 3.195, 1H, dt, J = 3.5, 12.5 Hz), 
3.24 (compound 3.196, 1H, m), 3.15 (compound 3.195, 1H, dt, J = 3.0, 11.0 Hz), 2.91 
(compound 3.196, 1H, t, J = 11.5 Hz), 2.60 (m), 2.44 (m), 2.32 (compound 3.196, 1H, dd, 
J = 8.0, 16.0 Hz), 2.07 (m), 1.92 (compound 3.196, m), 1.81 (m), 1.42-1.69 (m), 1.23-
1.39 (m), 1.12 (compound 3.196, m), 0.85-1.00 (compound 3.196, m). 
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Appendix 
Preparation and Thermal Fragmentation of Five-
Membered Lactone Polycyclic Ring Systems 
 
 Initial investigation was carried 
out to quickly evaluate five-membered 
lactone substrates A.1 and A.2, which 
required relatively short syntheses 
compared to the cyclic ketone systems as we described in Chapter 3. As illustrated in 
Scheme 1, the preparation began with the reduction of methyl ester iron complex A.3 by 
DIBAL-H to the corresponding alcohol A.4.  MnO2 oxidation delivered the aldehyde A.5 
for the alkylation with 1-butenyl magnesium bromide, followed by an indium catalyzed 
deoxygenation to remove the secondary hydroxyl group in the presence of triethyl silane. 
At this point, one less stereocenter could simplify stereochemical analysis in the 
subsequent transformations. Based on the preliminary studies in our laboratory, any 
aromatic substituent or electron-withdrawing group can lower the LUMO of the 
dienophile to facilitate the intramolecular cycloaddition.1 Methyl ester was chosen in this 
case, which was introduced by a ruthenium catalyzed cross-metathesis with methyl 
acrylate to afford compound A.8 in a yield of 96%.  Unfortunately, no or very low 
conversion was observed in all attempt to formylate compound A.8.  Instead, a Friedel-
Crafts acylation was carried out to successfully introduce a methyl ketone substituent 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!
1 a) Tallarico, J. A.; Randall, M. L.; Snapper, M. L. J. Am. Chem. Soc. 1996, 118, 9196. b) Limanto, J.; 
Tallarico, J. A.; Porter, J. R.; Khuong, K. S.; Houk, K. N.; Snapper, M. L. J. Am. Chem. Soc. 2002, 124, 
14748. 
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onto the cyclobutadiene ring. The resulting 1,2-, 1,3-disubsituted regioisomers A.9 and 
A.10 were obtained in a 1.0:1.5 ratio.  
Scheme 1. Functionalization of Tricarbonylcyclobutadiene Iron Complexes!
!
! As illustrated in Scheme 2, sodium borohydride reduced the 1,2-bisfunctionalized 
cyclobutadiene iron tricarbonyl complex A.9. Oxidative removal of the ironprotecting 
group  then liberated free cyclobutadiene, which underwent an intramolecular 
cycloaddition with the tethered olefin to afford cyclobutene A.11. A mixture of the two 
diastereomers A.11 was carried on together due to the inability to identify separation 
conditions. It was found necessary to reduce the methyl ketone A.9 before cycloaddition, 
because low yields and mixtures were obtained from the direct treatment of the methyl 
ketone A.9 with CAN. With cyclobutene A.11 in hand, glyoxylic acid chloride 
tosylhydrazone was coupled with the free secondary alcohol in the presence of N,N-
dimethylaniline. Addition of triethylamine generated the desired α-diazo ester A.12 in 
one reaction vessel. After screening several rhodium and copper catalysts2, bis-(N-t-
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!2!Rh2(OAc)4, Rh2(OPiv)4, and Cu(acac)2!were studied with no or low formation of desired cyclopropanation 
products. 
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butylsalicyladiminato) copper(II)3 was found to be the most effective catalyst to generate 
the desired highly strained polycyclic compound A.1.  
Scheme 2. Preparation of Lactone Substrates!
 !
 With highly strained cyclopropane compound A.1 in hand as a mixture of 
diastereomers, our attention was turned to investigating the thermal fragmentation. 
Compound A.1 was dissolved in anhydrous benzene in a well-sealed pressure vessel.  
Radical scavenger BHT (butylated hydroxytoluene) was added to suppress any possible 
undesired radical processes at high temperature. Four hours heating of A.1 at 200 °C led 
to 71% conversion with no desired product formation. Instead, a mixture of two UV 
active compounds was isolated with no successful separation conditions for column 
chromatography. The proton NMR indicated no olefinic protons present in either 
diastereomer. Full characterization was carried on to identify these two compounds. All 
the data suggested that the unknown compounds were most likely the two diastereomers 
of olefin migrated α,β,γ,δ-unsaturated ester A.13 (Scheme 3). Due to the different 
reactivity of the two diastereomers of A.1, compound A.1a that is less reactive was 
partially recovered after incompleted thermolysis. Attention was then turned toward !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!3!Corey, E. J.; Tetrahedron Lett. 1984, 25, 3559. 
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studying how this single diastereomer would behave in the thermolysis. Presumably, 
thermal fragmentation of A.1a will deliver a single diastereomer of ring opening product, 
which would be much easier to analyze. Therefore, the isolated single diastereomer A.1a 
was resubjected to the same reaction conditions, but heated for one hour longer in order 
to get full conversion. Unexpectedly, a mixture of two diastereomers of A.13 was again 
observed. This result indicates that epimerization must occur during the rearrangement.  
Scheme 3. Thermal Rearrangement of Highly Strained Cyclopropane!
!
! A possible explanation for the epimerization is illustrated in Scheme 4. 
Presumably, a single diastereomer of the 5-7-5 tricyclic ring system A.14 will be 
generated first in the thermal fragmentation with overall inversion at the C2 position 
according to the observation found in the 5-7 bicyclic ring system. However, the proton 
on the ring junction, adjacent to the lactone motif, is relatively labile. Therefore, A.14 
could isomerize to enol A.15 at high temperature. Subsequent tautomerization affords 
conjugated lactone A.16. By considering the fact that [1,5] hydride shift has been shown 
in both cyclic and open chain systems at or above 200 ºC,4 the formation of compound 
A.17 can be reasonably explained. This sigmatropic shift is thermodynamically favored !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!4!Beranrd, M. Advanced Organic Chemistry. 2nd Ed. Upper Saddle River: Pearson Prentice Hall. 2004.!
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by making both olefins conjugated to the lactone as well as tetrasubstituted. The 
epimerization can be accounted for through the tautomerization of an aromatic 2-furanol 
intermediate A.18 to generate a mixture of two diastereomers of A.19. It can’t be ruled 
out that compound A.17 could also undergo epimerization to afford a mixture of two 
epimers of A.20.  
Scheme 4. Possible Explanation for the Epimerization Observed in the Thermolysis 
Product of A.1a 
! !
On the other hand, the 1,3-bisfunctionalized cyclobutadiene iron tricarbonyl 
complex A.10 was also subjected to the same reaction sequence to prepare the 
corresponding highly strained cyclopropane compound A.2 (Scheme 5). In contrast to 
substrate A.12, intramolecular cyclopropanation of a mixture of two diastereomeric diazo 
O
O
Me
CO2Me
H
H
O
O
Me
CO2Me
H
[1,5] shift
O
O
CO2Me
O
HO
Me
CO2Me
O
O
Me
expected product
tautomerization
2
2
Me
H
epimerization
CO2Me
O
O
CO2Me
Me
O
H CO2MeH
O
Me
A.1a A.14 A.16
A.17A.18A.19
A.20
O
HO
Me
CO2Me
H
A.15

!
compounds A.22 in the presence of bis-(N-t-butylsalicyladiminato) copper (II) catalyst 
only afforded one diastereomer of A.2.5  
Scheme 5. Preparation of Lactone Substrates!
 
Presumably, the orientation of the methyl substituent next to the lactone 
functionality may account for this unexpected observation. As shown in Scheme 6, in the 
transition state of the intramolecular cyclopropanation of Cu-carbenoid species, the 
unfavored diastereomer A.22TSa likely suffers from significant steric hindrance between 
the methyl group and the distal methyl ester group while the favored diastereomer 
A.22TSb doesn’t. 
Scheme 6. Plausible Transition State for the Intramolecular Cyclopropanation!
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!5!C-H insertion product and other unidentified byproducts were observed. 
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Treatment of compound A.2 with BHT in benzene solution at 200 ºC for four 
hours afforded exclusively A.23 as a single diastereomer, which again was not the 
expected product (Scheme 7). From the proton NMR, we found that this strongly UV 
active compound had only one olefinic proton. 
Scheme 7. Thermal Rearrangement of Highly Strained Cyclopropane A.2!
!
A plausible explanation for the formation of compound A.2 is suggested in 
Scheme 8. Similar to the thermolysis of compound A.1, undesired olefin migration can 
occur after the generation of the expected tricyclic ring compound A.24. If the double 
bond b is brought into conjugation (pathway ii), the resulting intermediate A.26 should 
undergo similar epimerization as we discussed earlier to generate a mixture of 
diastereomeric compounds A.28. However, this is not consistent with our observation. 
Therefore, another possibility is the migration of double bond a (pathway i), followed by 
a [1,5] hydride shift to afford the thermodynamic favored, fully conjugated compound 
A.23.!
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Scheme 8. Plausible Mechanism for the Formation of Thermolysis Product A.23!
!
! For both substrate A.1 and A.2, reduction of the lactones functionality was 
attempted before thermal rearrangement in order to suppress the undesired 
rearrangements. Unfortunately, due to a limited amount of material, no successful 
condition was found to selectively reduce the lactone to lactol without further reduction 
to the corresponding diol. On the other hand, additional studies will be required to 
provide better resolution of product structures and stereochemical outcome of the thermal 
fragmentation. Nonetheless, these two examples taught us a useful lesson to design better 
substrates and experiments for developing an improved understanding of the thermolysis.  
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